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' — narrow molecular weight distribution by means of a living polymerisation reaction. It also relates to methods for making said metal 
2 complexes and to novel intermediates involved in such methods. It further rdates to certain derivatives of the said metal complexes 
which are suitable for covalent bonding to a carrier, the product of such covalent bonding being osefol as a supported catalyst for 
heterograeous catalytic reactions. It also relates to the direct one-step synthesis of pyrrole, furan and thiop>hene compounds from 
diallyl compounds. Bnally, the invention relates to dendrimeric materials comprising metal complexes attached to a core molecule 
whidi are catalysts removable &om a reaction mixture by nltrafiltiatioiL 
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METAL COMPLEXES FOR USE IN METATHESIS 



5 The present invention relates to metal complexes which are useful as catalyst components 

in olefin metathesis reactions, atom or group transfer radical polymerisation or addition reactions 
and vlnylation reactions. The present invention also relates, preferably with respect to a sub-class 
of said metal complexes, to ttieir use as a component of a catalytic system for the polymerisation of 
a-olefins, and optionally conjugated dienes, with high activity at moderate temperatures. The 

10 present invention also relates to obtaining polymers with extremely narrow molecular weight 
distribution by means of a living polymerisation reaction. The present invention also relates to 
methods for making said metal complexes and to novel intermediates involved in such methods. 
The present Invention further relates to certain derivatives of the said metal complexes which are 
suitable for covalent bonding to a carrier, the product of such covalent bonding being useful as a 

15 supported catalyst for heterogeneous catalytic reactions. This invention also relates to tine direct 
one-step syntiiesis of pynule, furan and tiiiophene compounds from diallyl compounds. Finally, the 
invention relates to dendrimeric materials comprising metal complexes attached to a core molecule 
which are catalysts removable from a reaction mixture by ultrafiltration. More particulariy, the 
present invention relates to Schiff base derivatives of nitiienium alkyiidene complexes bearing N- 

20 heterocyclic carbene llgands, methods for making the same and their use as catalysts for the 
metathesis of numerous unsaturated hydrocarbons such as non-cyclic monoolefins, dienes, cyclic 
olefins and aicynes. 



BACKGROUND OF THE INVENTION 

25 Olefin metatiiesls is a catalytic process including, as a key step, a reaction between a first 

olefin and a first transition metal alkyiidene complex, thus producing an unstable intermediate 
metallacyclobutane ring which tiien undergoes transformation into a second olefin and a second 
transition metal alkyiidene complex according to equation (1) hereunder. Reactions of tiiis kind are 
reversible and in competition witii one another, so the overall result heavily depends on their 

30 respective rates and, when formation of volatile or insoluble products occur, displacement of 
equilibrium. 

M CHR, 

[M]=CHRj + R,CH=Cm2 1 I »-[M]=CHR2 + il,CH=CHR, (1) 

CHRj^CHRj CIS or trans 



35 



Several exemplary but non-limiting types of metatiiesls reactions for mono-olefins or di- 
olefins are shown in equations (2) to (5) herein-after. Removal of a product, such as etiiylene in 
equation (2), from the system can dramatically alter the course and/or rate of a desired metatiiesis 
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reaction, since ethylene reads with an allcylldene complex in order to form a methylene (M=CH2) 
complex, which is the most reactive and also the least stable of the allcylidene complexes. 

2RCH=CH3 ^"^^ RCH=CHR+ Kf=CH^ (2) 

ADMET 

• y H2C=CH(CH2) CH^CHj ^#CH(CEy^Ci& + y lifi:=^ai^ (3) 




Of potentially greater interest than homo-coupling (equation 2) is cross-coupling between 

5 two different tenninal olefins. Coupling reactions involving dienes lead to linear and cyclic dimers, 
oligomers, and, ultimately, linear or cyclic polymers (equation 3). in general, the latter reaction 
called acyclic diene metathesis (hereinafter refenned to as ADMET) Is favoured in highly 
concentrated solutions or In bulk, while cydisation is favoured at low concentrations. When intra- 
molecular coupling of a diene occurs so as to produce a cyclic alkene, the process is called rlng- 

10 closing metathesis (hereinafter refenred to as ROM) (equation 4). Cyclic olefins can be opened and 
oligomerlsed or polymerised (ring opening metathesis polymerisation (hereinafter referred to as 
ROMP) shown In equation 5). When the alkylidene catalyst reacts more rapidly with the cyclic 
olefin (e.g. a norbomene or a cyclobutene) than with a carbon-carbon double bond in the growing 
polymer chain, then a "living ring opening metathesis polymerisation" may result,- i.e. there is little 

15 tennination during or after the polymerization reaction. 

A large number of catalyst systems comprising welWefined single component metal 
carbene complexes have been prepared and utilized in olefin metathesis. One major development 
in olefin metathesis was the discovery of the ruthenium and osmium carisene complexes by Gmbbs 
and co-woricers. U.SPatent No. 5,977,393 discloses Schiff base derivatives of such compounds. 

20 which are useful as olefin metathesis catalysts, wherein the metal is coordinated by a neutral 
electron donor, such as a triarylphosphine or a tri(cyclo)alkylphosphine, and by an anionic ligand. 
Such catalysts show an improved thennal stability while maintaining metathesis activity even in 
polar protjc solvents. They are also able to cydise diallylamine hydrochloride to dihydropyn^le 
hydrochloride. Remaining problems to be solved with the carbene complexes of Grubbs are (i) 

25 improving both catalyst stability fi.e. slowing down decomposition) and metatiiesis activity at the 
same time and (ii) broadening ttie range of organic products achievable by using such catalysts, 
e.g. providing ability to ring-dose Mghly substituted dienes into tri- and tetra-substituted olefins. 

On the otiier hand, living polymerisation systems were reported for anionic and cationic 
polymerisation, however tineir industrial application has been limited by the need for high-purity 

30 monomers and solvents, reactive initiators and anhydrous conditions. In contrast, free-radical 
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polymerisation is the most popular commerdal process to yield high molecular weight polymers. A 
large variety of monomers can be polymerised and copolymerised radically under relatively simple 
experimental conditions whidi require the absence of oxygen but can be carried out in the 
presence of water. However free-radical polymerisation processes often yield polymers with ill- 

5 controlled molecular weights and high polydispersities. Combining the advantages of living 
polymerisation and radical polymerisation is therefore of great Interest and was achieved by the 
atom (or group) transfer radical polymerisation process (hereinafter referred as ATRP) of U.S. 
Patent No. 5,763,548 Involving (1) the atom or group transfer pathway and (2) a radical 
intermediate. This type of living polymerization, wherein chain breaking reactions such as transfer 

10 and tenmination are substantially absent, enables control of various parameters of the 
macromolecular structure such as molecular weight molecular weight distribution and terminal 
functionalities. It also allows the preparation of various copolymers, including block and star 
copolymers. Living/controlled radical polymerization requires a low stationary concentration of 
radicals in equilibrium with various dormant species. It makes use of novel initiation systems based 

15 on the reversible formation of growing radicals in a redox reaction between various transition metal 
compounds and initiators such as alkyi halides, aralkyi halides or haloalkyi esters. ATRP is based 
on a dynamic equilibrium t>etween the propagating radicals and the domiant species which is 
established through the reversible transition metal-catalysed cleavage of the covalent cart)on- 
halogen bond in the dormant species. Polymerisation systems utilising this concept have been 

20 developed for instance with complexes of copper, ruthenium, nickel, palladium, rhodium and iron in 
order to establish the required equilibrium. 

Due to the development of ATRP, further interest appeared recently for the Kharash 
reaction, consisting in the addition of a polyhalogenated alkane across an olefin through a radical 
mechanism according to the following scheme: 



ATRP Is quite similar to the Kharasch reaction, which therefore is also called Atom 
Transfer Radical Addition (hereinafter referred as ATRA). 

Experiments have shown that the efficiency of ruthenium alkylldene complexes in olefin 
metathesis reac^ons is inversely proportional to their activity In ATRP and ATRA, I.e. ttie most 

30 efficient catalysts for olefin metathesis reactions display the lowest activity in ATRP and ATRA. 
Therefore, ttiere is a need in the art for a catalyst component which is able to display a high 
efficiency botii in olefin metathesis reactions and in ATRP and ATRA. There is also a need in tiie 
art for a catalyst component which is able to Initiate olefin metathesis reactions under very mild 
conditions, e.g. at room temperature, Rnally there is also a need In the art for a catalyst component 

35 which is able to initiate vinytation reactions witti high efficiency. 




X=C1 



25 
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Furthermore, sincje presently available synthetic routes to the catalysts cf U.SPatenl No. 
5,977,393 proceed through the transforrnation of a ruthenium bisphosphane carbene, the 
development of catalysts with equivalent or better performance characteristics but synthesised 
directly fn^m less expensive and readily available starHng materials, including from other transition 

5 metals, stili corresponds to a need in the art 

Poly-a-olefins such as polyethylene, polypropylene and copolymers of ethylene with 
propylene and/or bul-l-ene are very widely used in various fields sudi as extruded, co-extruded 
and moulded products of all kinds. The demand for poly^i-olefins with various physical properties is 
continuously expanding. Also, in order to improve their manufacturing productivity, the increase of 

10 poiyolefin yield per catalyst amount and the maintenance of catalytic activity over time during 
continuous production remain important issues. WO 02/02649 discloses an olefin polymerisation 
catalytic system comprising (A) a transition metal compound, preferably wherein tiie transition 
metal is titanium, zirconium or hafnium, having a bidentate ligand including an imine structure 
moiety, (B-1 ) a compound having a reduction ability which reacts v\nth compound (A) to convert 

15 said imine structure moiety into a metal amine structure, and (B-2) a compound which reacts with 
compound (A) to fonn an ion pair. However. WO 02/02649 does not teach a ti^nsition metal 
compound wherein the metal is coordinated with a carbene ligand. There is a need In tiie art for 
improving the olefin polymerisation catalytic activity, and maintenance thereof, vnth respect to the 
teaching of WO 02/02649. 

20 All tiie above needs constitute the various goals to be achieved by the present invention. 

SUMMARY OF THE INVENTION 

The present invention is based on the unexpected finding that improved olefin metatiiesis 
catalysts can be obtained by modifying tiie Schiff base derivatives of ruthenium and osmium of the 

25 prior art or the conresponding derivatives of other transition metals, by providing as a ligand a 
constraint steric hindrance group having a pKa of at least about 15 and/or by providing a carbene 
ligand forming a fused aromatic ring system and/or by providing a cumulylidene group as a 
carbene ligand. Advantageously, such modified Schiff base derivatives of rutiienium. osmium and 
other transition metals may be produced directiy from less expensive and more readily available 

30 starting materials ttian the catalysts of tiie prior art The present invention is also based on Vrte 
unexpected finding that the so modified Schiff base derivatives of rutiienium, osmium and otiier 
transition metals are not only efficient olefin metathesis catalysts but also very efficient components 
in the catalysis or initiation of atom {or group) transfer radical reactions such as ATRP or ATRA, as 
well as vinyiation reactions, e.g. enol-ester synthesis. A further unexpected finding of ttie present 

35 invention is that certain Schiff base derivatives of ruthenium and osmium of tiie prior art, as well as 
the corresponding derivatives of other transition metals, may also be used In the catalysis or 
initiation of atom (or group) bBnsfer radical reactions such as ATRP or ATRA, as well as vinyiation 
reactions, e.g, enol-ester syntiiesis. Also included in this invention are novel intermediates involved 
in the methods for preparing the novel catalytically active modified Schiff base derivatives. Further 
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aspects of the invention include supported catalysts for use in heterogeneous catalytic reactions 
comprising a catalyticaDy active Schiff base derivative and a earner suitable for supporGng the 
same. In particular the invention provides derivatives wherein the Schiff base metal complexes are 
further chemically modified in order to be suitable for covalent bonding to a earner such as a 

5 porous inorganic solid (e.g. an amorphous or paracrystalline material, a crystalline molecular sieve 
or a modified layered material including an inorganic oxide) or an organic polymer resin. Another 
aspect of the invention includes, in onJer for tine catalyst to be suitably removed from a readion 
mixture by ultra-filtration, dendrimeric materials wherein two or more of the catalytically active 
Schiff base derivatives are attached to a core molecule. Finally, another finding of this invention is 

10 that certain bimetallic Sdiiff base derivatives, of transition metals are able to catalyse the direct 
one-step synthesis of pyrrole, fiiran and fliiophene compounds from diallyl compounds without, 
unlil<e for ttie con-esponding monometallic Schiff base catalysts, ending the reaction with Uie 
dihydropyrrole, dihydrofuran or dihydrotiiiophene compounds. Yet another finding of this invention 
is that certain metal complexes may be used as components of a catalytic system for \he 

15 polymerisation of a-olefins and conjugated dienes witii high activity at moderate temperatures. 

RRIPF nFRHRIPTlON OF THE DRAWINGS 

Figure 1 schematically shows synttietic routes for producing ruttienium catalytic 
compounds having the general fonnula (lA) aixording to an embodiment of the present invention. 
20 Figure 2 schematically shows a syntiietic route for producing ruthenium catalytic 

compounds having the general formula (IC) according to anotiier embodiment of tiie present 
invention. 

Figure 3 shows tiie general chemical fomnulae (lA) and (IB) of monometallic complexes, 
the general chemical formulae (IVA) and (IVB) of bimetallic complexes of ttie Invention, and tiie 
25 formula (VI) of a fused ring system- which radicals R3 and R4 may form togetiier in fomnulae (lA) 
and (IB). 

Figure 4 shows ttie general chemical formulae (IIA), (IIB), (IIIA) and (IIIB) of monometallic 
intennediate complexes, and tiie general chemical formulae (IC) and (ID) of oOier monometallic 
complexes of the invention. 
30 Figure 5 shows tiie general chemical formulae (IIIC) and (HID) of monometallic 

intermediate complexes of this Invention. 

Figure 6 schematically shows tiie anchoring of a derivative of a monometallic complex of 
the invention to a mesoporous crystalline molecular sieve. 

Rgure 7 shows two alternative synttietic routes for producing a derivative of a 
35 monometallic complex of the Invention ttiat may be covalentiy bonded to a canier. 

Figure 8 and figure 9 show tiie evolution, as a function of time or conversion rate, of tiie 
molecular weight and polydispersity of a polystyrene produced by atom ti^nsfer radical 
polymerisation in the presence of a heterogeneous catalyst of this invention. 
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Figure 10 schematically shows the synthetic route for producing a bimetallic complex of the 
invention. 

Rgure 11 schematically shows the preparation of a cationic species of a ruthenium 
monometallic complex of this Invention. 

5 

DEFINITIONS 

As used herein, the terni complex, or coordination compound, refers to the result of a 
donor-acceptor mechanism or Lewis add-base reaction between a metal (the acceptor) and 
several neutral molecules or Ionic compounds called ligands. each containing a non-metallic atom 
10 or Ion (ttie donor). Ligands that have more than one atom vinth lone pairs of electrons are called 
multidentate ligands. 

As used herein, the term alkyl means straight and branched chain saturated 
hydrocarbon monovalent radicals having from 1 to 6 carbon atoms such as. for example, methyl, 
ethyl, propyl, n-butyl. 1-mettiylethyl. 2-methylpropyl, 1.1-dimethylethyl, 2-methylbutyl. n-pentyl. 
15 dimethylpropyl, n-hexyl. 2-methylpentyl, 3-methylpentyl and the like; Ca^ alkyl means analogue 
radicals having from 2 to 6 carbon atoms, and so on. 

As used herein, the tenri alkylene means the divalent hydrocarbon r&dical 
corresponding to the above defined Ci.6 alkyl. 

As used herein, the term C3.10 cydoalkyl means a monocydic aliphatic radical having from 
20 3 to 8 carbon atoms, such as for instance cydopropyl. cydobutyl, methylcydobutyl. cydopentyl, 
methylcydopentyl, cydohexyl, methylcydohexyl, cydoheptyl, cydooctyl and the like, or a C7.10 
polycydic aliphatic radical having from 7 to 10 carbon atoms such as. for instance, norbomyl or 
adamantyl. 

As used herein, the tennn C3.10 cydoalkylene means the divalent hydrocarbon radical 
25 corresponding to the above defined C3.10 cycloalkyl. 

As used herein, the tenm aryl means a mono- and polyaromatic monovalent radical sudi as 
phenyl, benzyl, naphthyl, anthracenyl, adamantyl, phenantracyl, fluoranthenyl, chrysenyl. pyrenyl. 
biphenylyl, picenyi and the like, induding fused benzo-Cw cycloalkyl radicals such as, for instance, 
indanyl, 1,2,3,4-tetrahydronaphtalenyl. fiuorenyl and the like. 
30 As used herein, the term heteroaryl means a mono- and polyheteroaromatic monovalent 

radical induding one or more heteroatoms each independently selected from the group consisting 
of nitrogen, oxygen, sulfur and phosphoms. such as for instance pyridyl. pyrazinyl. pyrimidinyl, 
pyridazinyl. triazinyl. triazolyl, imidazolyl, pyrazolyl. thiazolyl, isothiazolyl, oxazolyl, pynx)lyl, furyl, 
thienyl, indolyl, indazolyl, benzofuryl. benzothienyl. quinolyl, quinazoHnyl, quinoxalinyl, carbazolyl. 
35 phenoxazinyl, phenothiazinyl. xanthenyl, purinyl. benzothienyl, naphtothlenyi, thianthrenyl, pyranyl,. . 
Isobenzofuranyl, chromenyl, phenoxathilnyl, indollzinyl. quinolizinyl. isoquinolyl, phthalazinyl, 
naphthiridinyi, dnnolinyl, pteridinyl. carbolinyl. acridinyl. perimidinyl, phenanthrolinyl, phenazinyl, 
phenothiazinyl.* imidazolinyl. imidazolidinyl, pyrazolinyl, pyrazolidinyl, pynrolinyl. pyn^olidinyl and the 
like, induding all possible isomeric fonms thereof. 
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As used herein, the \enr\ alkoxy means a Ci-e alkyi radical attached to an oxygen 
atom, such as methoxy, ethoxy, propoxy, birtoxy and the like; alkoxy means analogue radicals 
having from 2 to 6 carbon atoms, and so on 

As used herein, the temi halogen means an atom selected from the group consisting of 
5 fluorine, chlorine, bromine and Iodine 

As used herein, the temn C1.20 alky! includes C-j^ alkyI (as hereinabove defined) and the 
higher homoiogues thereof having 7 to 20 carbon atoms, such as for instance heptyl, ethylhexyl, 
octyl, nonyl, decyi, dodecyl. octadecyl and the like. 

As used herein, the temn polyhaloCi-20 alkyI defines a C1.20 alky! in which each hydrogen 
10 atom may be independently replaced by a halogen {preferably fluorine or chlorine), such as 
difluoromethyl. trifluoromethyl, trifluoroethyl. octafluoropentyl, dodecafluoroheptyl. heptadeca- 
fluorooctyl and the like. 

As used herein, the temn C2.20 alkenyl defines straight and branched chain hydrocarbon 
radicals containing one double bond and having from 2 to 20 carbon atoms such as. for example, 
15 vinyl, 2-propenyi, 3-butenyl, 2-butenyl, 2-pentenyl, 3-pentenyl. 3-methyI-2-butenyl, 3-hexenyl. 2- 
hexenyl. 2-octenyl. 2-deceny!, and all possible Isomers thereof, and also includes C4.20 
cycloaikenyl, i.e. cyclic hydrocart>on radicals containing one or more double bonds and having from 
4 to 20 carbon atoms such as for example cydobutenyl, cyclopentenyl, cydohexenyl. 
cycloheptenyl, cyclooctenyl, cyciooctadienyl. cyclopentadienyl, cyclooctatrienyl, norijomadienyl. 
20 indenyl and the like. 

As used herein, the terni C2.20 alkynyl defines straight and branched chain hydrocarbon 
radicals containing one or more triple bonds and having from 2 to 20 carbon atoms such as, for 
example, acetylenyl, 2-propynyl, 3-butynyl. 2-butynyl, 2-pentynyl. 3-pentynyl. 3«methyl-2-butynyl. 3- 
hexynyl, 2-hexynyl and the like and all possible isomers thereof. 
25 As used herein, the term Ci-20 alkoxy means the higher homoiogues of Ci^ alkoxy (as 

hereinabove defined) having up to 20 carbon atoms, such as octyloxy, decyloxy, dodecyloxy, 
octadecyloxy and the like. 

As used herein, the tenris alkylammonium and arylammonium mean a tetra-coordinated 
nitrogen atom being linked to Ci-e alkyI, C3.10 cycloalkyl, aryl or heteroaryl groups, as above 
30 defined, respectively. 

As used herein, the terms " constraint steric hindrance " relates to a group or ligand, 
usually a branched or substituted group or ligand, which is constrained in its movements, i.e. a 
group the size of which produces a molecular distortion (either an angular distortion or a 
lengtiiening of bonds) being measurable by X-ray diffraction. 
35 As used herein, the term " enantiomer " means each individual optically active fomn of a 

compound of tiie invention, having an optical purity (as detemnined by methods standard in tiie art) 
of at least 80%, preferably at least 90% and more preferably at least 98%. 
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As used herein, the term " solvate " refers to the association of a metallic complex of this 
invention together with a molecule of a solvent selected from the group consisting of protic 
solvents, polar aprotic solvents and non-polar solvents such as aromatic hydrocaitons, chlorinated 
hydrocartwns, ethers, aliphatic hydrocarbons, alcohols, esters, ketones, amides, and water. 

np TA|| Fn npRnRiPTiON OF t"p iNVgNTlON 

In its broadest acceptation, the present invention relates to a five-coordinate metal complex, a 
salt, a solvate or an enantiomer thereof, comprising a carbene ligand, a multidentate ligand and 
one or more other llgands, wherein at least one of said other ligands is a constraint steric hindrance 
ligand having a pKa of at least 15. This five-coordinate metal complex may be either a 
monometallic complex or a bimetallic complex wherein one metal is penta-coordinated and the 
other metal is tetra-coordinated with one or more neutral ligands and one or more anionic ligands. 
In the latter case, the two metals may be the same or different The multidentate ligand may be 
either a bidentate ligand. In wrtiich case the metal complex of the Invention comprises two other 
ligands, or a tridentate ligand in which case ttie metal compile comprises a single ottier ligand. 
15 Preferably the metal In the five-coordinate metal complex of tiie Invention Is a transition metal 
selected from the group consisting of groups 4, 5, 6, 7, 8, 9, 10, 11 and 12 of the Periodic Table. 
More preferably the said metal is selected from the group consisting of ruthenium, osmium, iron, 
molybdenum, tungsten, titanium, rhenium, copper, chromium, manganese, palladium, platinum, 
ihodium, vanadium, dnc. cadmium, mercury, gold, silver, nickel and cobalt 
20 Preferably the multidentate ligand in the five-coordinate metal complex of the invention 
includes at least two heteroatoms through which coordination wfth tiie metal occurs. More 
preferably, at least one of flie two heteroatoms is a nitrogen atom. Most preferably, one of the two 
heteroatoms Is a nitrogen atom and tiie oflier heteroalom is an oxygen atom. 

The carbene ligand in tiie five-coordinate metal complex of tiie invention may be eittier an 
25 allenylldene ligand or a cumulenylldene ligand, e.g. buta-1,2,3-trienylidene. penta-1, 2,3,4- 
tetraenylidene and ttie like. 

In one aspect which is namely useful when ttie complex is used in ttie presence of an organic 
solvent one of said ottier ligands present in tiie five-coordinate metal complex of tiie Invention is 
an anionic ligand, the meaning of ttie terni aniorric ligand being conventional in tiie art and 
30 preferably being consistent wtth ttie definition given In U.S.PatBnt No. 5,977,393. In anotiier aspect 
which is namely useful when ttie complex Is used In ttie presence of water, one of said other 
ligands is a solvent and ttie complex is a cationic spedes assodated wltti an anion. Suitable anions 
for ttie latter punsose are selected from ttie group consisting of tetrafluoroborate. 
tetra(pentafluorophenyl)borate, alkylsulfonates wherein ttie alkyi group may be substituted with one 
35 or more halogen atoms, and arylsulfonates. Suitable solvents for coorelinating witii ttie metal in 
such a cationic spedes may be selected from ttie group consisting of protic solvents, polar aprotic 
solvents and non-polar solvents such as aromatic hydrocariaons, chlorinated hydrocariJons, ettiere, 
aliphatic hydrocart)ons, alcohols, esters, ketones, amides, and vtrater. 
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More specifically, the constraint steric hindrance ligand having a pKa of at least 15 which Is the 
central feature to the metal complexes of this Invention may be a derivative, wherein one or more 
hydrogen atoms is suijstituted witii a group pnDviding constraint steric hindrance, of a non-ionic 
prophosphatrane superbase or a N-heterocyclic carbene selected from the group consisting of 

5 imidazol-2-yIidene. dihydroimida2ol-2-ylidene, oxazol-2-yiidene, triazol-5-ylidene. thia2ol-2-ylidene, 
bisOmida2ollne-2-ylidene), bis(imidazoridine-2-ylldene), pynx>lylidene, pyrazolylidene. 
dihydropym^lylidene, pynDlylidlnyiidene and benzo-fused derivatives thereof. 

The present invention furti^er provides a method for maWng a five-coordinate metal complex 
as disdosed previously, comprising fhe step of making a five-coonjinate monometallic complex by 

10 reacting (i) a four-coordinate monometallic complex comprising a multidentate ligand and one or 
more ottier ligands. wherein at least one of said ottier ligands Is a constraint steric hindrance ligand 
having a pKa of at least 15 with (11) a reactant selected from tiie group consisting of alkynyl 
compounds, diazo compounds and dialkynyl compounds, tiie said reactant being able to afford a 
cart5ene ligand for the metal. The present invention also provides anotiier metiiod for making a 

15 five-coordinate metal complex, comprising: 

- the first step of making a five-coordinate monometallic complex comprising a cartDene 
ligand by reacting (i) a four-coordinate monometallic complex comprising a multidentate 
ligand and one or more otiier ligands ottier ttian constraint steric hindrance ligands having 
a pKa of at least 15 and ottier ttian cart)ene ligands witti (11) a reactant selected from ttie 

20 group consisting of alkynyl compounds, diazo compounds and dialkynyl compounds, tiie 

said reactant being able to afford a carbene ligand for tiie metal, and then 

- the second step of reacting the five-coordinate monometallic complex obtained in the first 
step v^h a species containing a const^int steric hindrance group having a pKa of at least 
15 under conditions permitting said constraint steric hindrance group having a pKa of at 

25 least 15 to coordinate witii ttie metal in place of one of tiie ottier ligands ottier ttian ttie 

cart)ene ligand. 

Botii mettiods are applicable to all metal complexes of ttie invention, in-espective of whettier 
they are mono- or bimetallic. 

When ttie five-coordinate metal complex of ttie invention is a bimetallic complex wherein one 
30 metal is penta-coordinated and ttie otiier metal is tetra-coordinated. tiien each of tiie above 
mettiods preferably further comprises ttie step of reacting ttie five-coordinate monometallic 
complex previously made with a bimetallic complex wherein each metal is tetra-coordinated. Such 
reactive tetra-coordinated bimetallic complex may be for Instance a dimeric structure such as 
[RuCl2(p-cumene)]2 or analogues tiiereof. Alternatively, ttie reactive tetra-coordinated bimetallic 
35 complex may be fbmied in situ by bringing into contact terpenene wltti a trichloride of orthenium. 
rtiodlum or cobatt. The metal of said reactive tetiB-coordinated bimetallic complex may be ttie 
same as or may be different from tiie metal of said five-coordinate monometallic complex. 

In all of tiie above mettiods, each metal is independentiy selected from tiie group consisting of 
groups 4, 5, 6, 7, 8, 9, 10, 1 1 and 12 of ttie Periodic Table. 
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In a specific embodiment, the four-coordinate monometallic complex used in the first step of 
the above general methods includes one anionic ligand in order to provide a five-coordinate 
monometallic complex comprising one anionic ligand, and said methods further comprise the step 
of abstracting said anionic ligand from said five-coordinate monometallic complex by reacting said 

5 five-coordinate monometallic complex with a salt in the presence of a solvent so as to produce a 
five-coordinate monometallic complex being a cationic species associated with an anion and 
wherein the metal is coordinated with a solvent 

In another embodiment, this Invention provides a four-coordinate monometallic complex 
comprising a multidentate ligand and one or more other ligands, wherein at least one of said other 

10 ligands is a constraint steric hindrance ligand having a pKa of at least 15. Such a four-coordinate 
monometallic complex was unexpectedly found useful not only as an intemiediate for making a 
catalytic component, but also as being itself catalytically active in ROMP, ATRP, ATRA and 
vinylation reactions. 

More specifically, the invention provides a five-coordinate metal complex, being selected from 
15 metal complexes having one of the general fonnulae (lA) and (IB) refenred to in figure 3, v^erein: 

- M Is a metal selected from the group consisting of groups 4, 5, 6, 7, 8. 9, 10, 11 and 12 of 
the Periodic Table, preferably a metal selected from ruthenium, osmium, iron, 
molybdenum, tungsten, titanium, riienium, copper, chromium, manganese, rtiodlum. 
vanadium, zinc, gold, silver, ni(*el and cobalt 

20 - Z Is selected from tiie group consisting of oxygen, sulphur, selenium, NR"". PR"", AsR"" 
and SbR"'; 

- R". R"' and R"" are each a radical independently selected from the group consisting of 
hydrogen, C^^ alkyl. cycloalkyi, alkyl-Ci-6 alkoxysilyl. aikyl-aryloxysilyl. Ci^ 
alkyl-Cs-io cycloalkoxysilyl. aryl and heteroaryl. or R" and R'" togettier fbnm an aryl or 

25 heteroaryl radical, each said radical (when different from hydrogen) being optionally 

substituted witti one or more, preferably 1 to 3, substituents Rs each independentiy 
selected from ttie group consisting of halogen atoms, alkyl. C^^ alkoxy, aryl, 
aikylsulfonate. arylsulfbnate, alkylphosphonate. aryiphosphonate, alkyl-Ci^ alkoxysilyl, 
alkyl-aryloxysilyl, Ci^ alkyl-C3.io cycloalkoxysilyl. alkylammonium and arylammonium; 
30 - R' is either as defined for R". R" and R"" when included in a compound having tiie general 
fonnula (lA) or, when included in a compound having \he general fomiula (IB), is selected 
from tiie group consisting of Ci^ alkylene and cydoalkylene. ttie said alkylene or 
cycloalkylene group being optionally substituted with one or more substituents R5; 
. Ri is a constraint steric hindrance group having a pKa of at least about 15; 

35 - R2 is an anionic ligand; . . 

. R3 and R4 are each hydrogen or a radical selected from tiie group consisting of C1-20 alkyl, 
C^2o alkenyl, C2.20 alkynyl. C1.2D cartjoxylate. Ct.20 alkoxy. C2-20 alkenyloxy, C2-20 alkynyloxy. 
aryl, aryloxy. alkoxycarbonyl. C,^ alkylttiio. Cv2o alkylsulfonyl, alkylsulfinyl 
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alkylsulfonate, arylsulfonate, alkylphosphonate. arylphosphonate, Cvzo 

alkylammonium and arylammonium; 

- R' and one of R3 and R4 may be bonded to each other to form a bidentate ligand; 

- R"* and R"" may be bonded to each other to form an aliphatic ring system including a 
heteroatom selected from the group consisting of nitrogen, phosphorous, arsenic and 
antimony; 

- R3 and R4 together may form a fused aromatic ring system, and 

- y represents the number of sp2 carbon atoms between M and the cartx>n atom bearing R3 
and R4 and is an integer from 0 to 3 inclusive, 

salts, solvates and enanUomers thereof. 

In the above definition of the compounds of the invention, the group Ri is only limited by its 
capacity to provide constraint steric hindrance and by the value of its pKa, the latter being defined 
and measured as is conventional in the art Suitable but non-limiting examples of such Ri groups 
Include derivatives of the following high pKa groups wherein one or more hydrogen atoms is 
substituted with a grc)up providing constraint steric hindrance: 

- lmidazol-2-yndene (pKa = 24). 

- dihydroimlda2ol-2-ylidene (pKa higher than 24). 

- oxa2ol-2-ylidene, 

- triazol-5-ylidene, 

- thiazol-2-yiidene, 

- pynolylidene (pKa = 17.5), 
pyrazoiylidene, 

- dihydropyrrolylidene. 

- pynolylidinylidene (pKa = 44), 

- bis(imida2oline-2-ylidene) and bis(imidazolidine-2-ylidene), 

- benzo-fused derivatives such as indolylidene {pKa = 16), and 

- non-Ionic prophosphatrane superbases, namely as described In U.S. Patent No. 
5,698,737, preferably trimethyltriazaprophosphatrane P(CH3NCH2CH2)3N known as 
Verkade superi^ase. 

The constraint steric hindrance group may be for instance a branched or substituted R' group, 
e.g. a ter-butyl group, a substituted C3.10 cycloalkyi group, an aryl group having two or more C1.6 
alky! subsfituents (such as 2, 4, 6-trimethylphenyl (mesityl), 2, 6-dimethylphenyl. 2, 4. 6- 
triisopropylphenyl or 2, 6-dllsopropylphenyl), or a heteroaryl group (such as pyridinyl) having two or 
more Ci^e alM substituents. 

In the above definition of the compounds of the invention, the group R2 is an anionic ligand 
preferably selected from the group consisting of Ci.a) alkyi, C2.20 alkenyl, C2-20 alkynyl, C,-2o 
cariDOxylate. C1.20 alkoxy, C2-20 alkenyloxy. C2.20 alkynyloxy. aryl. aryloxy, C1.20 alkoxycarbonyl, 
alkylthio, C1.20 aikylsulfbnyl. alkylsulfinyl C1.20 alkylsulfonate, aiylsutfonate, 
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alkylphosphonate, arylphosphonate. C1.20 alkylammonium, arylammonium, halogen (preferably 
chlorine) and cyano. 

The carbene ligand of the compounds of the invention will now be detailed hereinafter. First it is 
important to note tiiat, opposite to the Schiff base derivatives of the prior art, from 1 to 3 sp2 cartoon 

5 atoms may be present between the metal M and the carbon atom bearing the R3 and R4 groups, 
the synthetic route for each such species of compounds being different as explained in the 
following part of spedficaton devoted to flieir processes of manufacture. That is, unsaturated 
carbon chain such as an allenylidene or cumulenylidene (e.g. buta-1,2,3-trienylidene, penta- 
1,2,3,4-tetraenyIidene and the like) may be present in the said cari^ene ligand. Because of the 

10 simplicity of its manufacturing route, a preferred embodiment consists of a carbene ligand wherein 
y = 2. However, methods to produce compounds with carbene ligands wherein y = 1 or y = 3 will 
also be provided. Alike in the Schiff base derivatives of the prior art, y may also be 0. A first 
prefen^d embodiment consists of each of R3 and R4 being a phenyl group. In a second preferred 
embodiment, R3 and R4 together form a fused aromatic ring system having the formula (Vi) shown 

15 in figure 3. 

in the above definifion of the compounds of the invention having general formula (lA), the 
group R* is preferably selected from methyl, phenyl and substituted phenyl (e.g. 
dimethylbromophenyl or diisopropylphenyl). In the compounds of tt^e invention having the general 
fonmula (IB), the group R' is preferably methylene or benzylidene. 

20 in a more specific embodiment of the invention, especially when the above compounds are 

intended for use in an olefin metathesis reaction, M is preferably selected from the group consisting 
of mthenium, osmium, iron, molybdenum, tungsten, titanium and riienium. 

The present Invention also provides a first method for making a five-coordinate metal 
complex having one of the general fonmulae (lA) and (IB), comprising reacting a four- coordinate 

25 metal complex having one of the general formulae (IIA) and (IIB) wherein I^, Z. R. R',R*, R"\ R"" 
and R2 are as previously defined with respect to the general formulae (lA) and (IB), and Re is a 
leaving group, with a compound having the formula RiY wherein Ri is also as previously defined 
and Y is a leaving group, thus resulting in an intermediate having the fonnula (IIIA) or (IIIB) 
referred to in figure 4, and further reacting tiie said intermediate with a reactant selected from the 

30 group consisting of : 

- an alkynyl compound having the fonnula R3R4R7COCH wherein R3 and R4 are as 
previously defined for the compounds having the general fonnulae (lA) and (IB) 
respectively, and R? is selected firom the group consisting of hydrogen, hydroxyl and R3 
(when y = 2), 

35 - a diazo compound having the fonnula N2CR3R4 wherein R3 and R4 are as previously 
defined (when y is 0), 

- an alkynyl compound hawng the formula RaC^H wherein R3 is as previously defined 
(when y is 1), and 
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- a dialkynyl compound having the fonDula R21CSOCSCR22 wherein R21 and R22 are each 
independently selected from hydrogen and trialkylsHyl (when y is 3). 

For perfomning the above method, the leaving group Y is as commonly defined in the art (for 
instance, see Organic Chemistry, Stnjcture and Function (1999), 3"* ed., W.H.Freeman & Co., 

5 New-York, pages 216-217 and 227), and is preferably selected from the group consisting of 
hydn^gen, C^^ alkoxy (e.g. tert-butoxy), PR3 and NR3. wherein R3 is as prevfously defined. As 
indicated herein-above, the reactant used in the second step of the method differs from one 
species to the other, depending upon the value of y. For instance, when y Is 2, a suitable alkylnyi 
compound is one wherein each of R3 and R4 is a phen^ group and R7 is hydroxy. When y is 3, a 

10 suitable dialkylnyi compound is butadiyne or trimethylsilylbutadlyne. 

The present invention also provides a second method for making making a five-coordinate 
metal complex having one of the general fomnulae (lA) and (IB), comprising in a first step reacting a 
compound having the general formula (IIA) or (IIB) referred to in figure 4, wherein M, 2, R, R*. R". 
R"', R"" and R2 are as previously defined with respect to fonnulae (lA) and (IB) respectively, and 

15 Re is a leaving group, with a reactant selected from the group consisting of : 

- an alkynyl compound having the formula Rsl^RrCC^CH wherein R3 and R4 are as 
previously defined for the compounds having the general formulae (lA) and (IB) 
respectively, and R7 is selected from the group consisting of hydrogen, hydroxyl and R3 
(when y = 2), 

20 - a diazo compound having the formula N2CR3R4 wherein R3 and R4 are as previously 
defined (when y is 0), 

- an alkynyl compound having ttie fomiula Rsl^CH wherein R3 is as previously defined 
(when y is 1), and 

- a dialkynyl compound having the fbnnula R2iCsC-(>C R22 wherein R21 and R22 are each 
25 independently selected from hydrogen and triaikylsilyl (when y Is 3), 

and in a second step further reacting the reaction product of the first step with a compound having 
the formula RiY wherein Ri is as previously defined and Y is a leaving group, in this second 
method, suitable examples of the leaving group Y are as disclosed for the first method. 

In the above methods, Rq is preferably a group selected from aromatic and unsaturated 

30 cycloaliphatic (such as cyclooctadienyl, norbomadienyl, cydopentadienyl and cydooctatrienyl) 
groups, the said group being optionally substituted v\nth one or more Ci^ alkyi groups. A suitable 
example of such a group is methylisopropylphenyl, the methyl and isopropyl substituents of the 
phenyl group being in para positions. i 

The present Invention also provides a fbur-ooordmate metal complex havirig one of flie 

35 general fonnulae (IIIA) and (IIIB) referred to in figure 4, wherein: 

- M is a metal selected from the.group consisting of groups 4, 5, 6, 7, 8, 9, 10. 11 and 12 of 
the Periodic Table, preferably a metal selected from rutiienlum, osmium, iron, 
molybdenum, tungsten, titanium, rhenium, copper, chfDmium, manganese, rtiodium, 
vanadium, ^nc, gold, silver, cobalt and nickel; 
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- 2 Is selected from the group c»r]sisting of oxygen, sulphur, selenium, NR"", PR"", AsR"" 
and SbR""; 

R", R'" and R"" are each a radical Independently selected from the group consisting of 
hydrogen, Ci^ alkyi, Cs^ cycloalkyi, aryl and heteroaryl, or R" and R'" together form an aryl 
5 or heteroaryl radical, each said radical being optionally substituted vA\h one or more, 

preferably 1 to 3. substituents Rs each independently selected from the group consisting of 
halogen atoms. aikyl. all^oxy, aryl, alkylsulfonate, arylsulfonate. allcylphosphonate, 
arylphosphonate, alkyiammonium and arylammonium; 

- R* is either as defined for R", R*" and R"" when induded in a compound having the general 
10 fonnula (IIIA) or, when Included in a compound having the general formula (IIIB), is 

selected from the group consisting of alkylene and C^^ cycioalkylene. the said 
alkylene and cycloalkylene group being optionally substituted with one or more 
substituents R5; 

Ri is a constraint steric hindrance group having a pKa of at least about 15; and 
15 - R2 is an anionic ligand, 

a salt, a solvate or an enantiomer thereof. 

The invention also provides a four-coordinate metal complex having one of the general 
formulae (IIA) and (IIB) refenBd to In figure 4, wherein: 

- M is a metal selected from the group consisting of groups 4. 5, 6, 7, 8, 9, 10, 11 and 12 of 
20 tine Periodic Table, preferably a metal selected fiDm ruthenium, osmium, iron, 

molybdenum, tungsten, titanium, rhenium, copper, chromium, manganese, rhodium, 
vanadium, zinc, gold, silver, cobalt and nickel; 

- Z is selected from the group consisting of oxygen, sulphur, selenium, NR"", PR"", AsR"" 
and SbR""; 

25 - R", R"' and R"" are eadi a radical independentiy selected from tiie group consisting of 
hydrogen. Ci-e alkyi, cycloalkyi, aryl and heteroaryl, or R" and R'" together forni an aryl 
or heteroaryl radical, each said radical being optionally substituted with one or more, 
preferably 1 to 3. substituents R5 each independentiy selected from the group consisting of 
halogen atoms, Ci-e alkyI, alkoxy, aryl, aikylsulfonate, arylsulfonate, alkyiphosphonate, 

30 arylphosphonate, alkyiammonium and arylammonium, or R" and R"' together fonn an aryl 

or heteroaryl radical, the said radical being substituted with either one substituent R5 
selected from the group consisting of bromine, iodine, C2-6 alkyl. Cz^ alkoxy, aryl. 
aikylsulfonate, arylsulfonate, alkyiphosphonate, arylphosphonate, alkyiammonium and 
arylammonium, or two or more substituents R5 each independentiy selected from the group 

35 consisting of halogen atoms, Ct^ alkyl, alkoxy, aryl. aikylsulfonate, aryisuHbnate, 

alkyiphosphonate, arylphosphonate, alkyiammonium and arylammonium; 
" R' is erther as defined for R", R" and R"" when included in a compound having ttie general 
fonnula (IIA) or, when included in a compound having tiie genera) formula (IIB). is selected 
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from the group consisting of C^^ alkylene and Cs^ cycloalkylene. the said alkylene or 
cydoalkylene group being optionally substituted with one or more substituents R5; 

- R2is an anionic iigand; and 

- Re is a group selected from aromatic and unsaturated cycloaliphatic, preferably aryl and C4. 
20 alkenyl (such as cydooctadienyl, norbomadlenyl, cyciopentadienyl and cyclooctatrlenyl) 
groups, the said group being optionally substituted with one or more C^js alkyl groups, 

a salt, a solvate or an enantiomer thereof. 

More specific definitions of Ri and R2 for the above classes of intermediate compounds 
were already given for the compounds having the general fonnulae (lA) and (IB) respectively. All 
such compounds having the general fonnulae (IIA), (IIB), (IllA) and (IIIB) are useful as 
intermediates for making compounds having one of Ihe general formulae (lA) and (IB). 

Intemnediates having the formula (IIA) may be prepared by analogy to a well known 
metinod comprising first condensing an hydroxy-aldehyde having the general fomiula: 

R"C(OH)=C{R")CHO 

such as salicylaldehyde (when Z is oxygen) or a corresponding thio-aldehyde (when Z is sulfur), 
amino-aldehyde (when Z is NR""), phosphlno-aldehyde (when Z is PR""), arsino-aldehyde (when Z 
is AsR"") or stibino-aldehyde (when Z is SbR"") wherein the hydroxy, thio, amino, phosphino, 
arsino or stibino group is in a p position with respect to the aldehyde group, with a primary aliphatic 
or aromatic amine, then converting the resulting aldimine into a salt thereof by means of a reaction 
with e.g. an alkoxide of a metal of any of groups lA, IIA or IllA of the Periodic Classification of 
Bements (e.g. sodium, potassium, magnesium or tiiallium) and tiien reacting ttie said salt witii a 
metal complex having a labile Iigand (e.g. halogen) such as for instance [RuCl2(p-cumene)]2. The 
second class of intennnediates having the formula (IIB) may be prepared, in order to yield tine 
desired five-member chelate Iigand, by first condensing an aldehyde such as benzaidehyde with an 
amino-alcohol such as o-hydroxyaniline (when Z is oxygen), an amino-thiol (when Z is sulfur), a 
diamine (when Z is NR""), an aminophosphlne (when Z is PR""), an aminoarsine (when Z is 
AsR"") or an aminostibine (when Z is SbR"") wherein the hydroxy, tiiio, secondary amino, 
phosphino, arsino or stibino group is in a p position with respect to the primary amino group, ttien 
converting the resulting aldimine into a salt thereof and then reacting the said salt with a metal 
complex having a labile Iigand in a manner similar to ttiat indicated for compound (IIA) above. 

The present invention also provides a supported catalyst for use in a heterogeneous 
catalytic reaction, comprising: 

(a) a catalytically acGve five-coordinate metal complex as previously disclosed, and 

(b) a supporting amount of a carrier suitable for supporting said catalytically active 
five-coordinate metal complex (a). 

In such a supported catalyst, said earner may be selected from the group consisting of porous 
inorganic solids (including silica, zirconia and alumino-siiica), such as amorphous or paracrystalline 
materials, crystalline molecular sieves and modified layered materials including one or more 
inorganic oxides, and organic polymer resins sudi as polystyrene resins and derivatives thereof. 
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Porous Inorganic solids that may be used with the catalysts of the invention have an open 
microstmcture tfiat allows molecules access to the relatively large surface areas of these materials 
that enhance their catalytic and sorptive activity. TTiese porous materials can be sorted into three 
broad categories using the details of tineir microstructure as a basis for classification. These 

5 categories are the amorphous and paracrystalline supports, the crystalline molecular sieves and 
modified layered materials. The detailed differences in the microstmctures of these materials 
manifest ti^emselves as important difFerBnces in the catalytic and sorptive behavior of tiie materials, 
as well as in differences in various observable properties used to characterize them, such as tiieir 
surface area, ttie sizes of pores and the variability in ti^ose sizes, tiie presence or absence of X-ray 

10 diffraction patterns and tiie details In such patterns, and the appearance of the materials when tiieir 
microstructure is studied by transmission electron microscopy and electron diffraction methods. 
Amorphous and paracrystalline materials represent an important class of porous inorganic solids 
that have been used for many years in industrial applications. Typical examples of these materials 
are the amorphous silicas commonly used in catalyst formulations and tiie paracrystalline 

15 transitional aluminas used as solid add catalysts and petroleum refomning catalyst supports. The 
tenm ""amorphous" Is used here to indicate a material with no long range order and can be 
somewhat misleading, since almost all materials are ordered to some degree, at least on the local 
scale. An alternate tenn tiiat has been used to describe these materials is "X-ray indifferent". The 
microstructure of tiie silicas consists of 100-250 Angstrom particles of dense amorphous silica 

20 (Kiri<-Othmer Encyclopedia of Chemical Technology, 3rd. ed., vol. 20, 766-781 (1982)), witii ttie 
porosity resulting from voids between the particles. 

Paracrystalline materials such as the transitional aluminas also have a wide distiibution of pore 
sizes, but better defined X-ray diffraction patterns usually consisting of a few broad pealcs. The 
microstmcture of tiiese materials consists of tiny crystalline regions of condensed alumina phases 

25 and tiie porosity of tiie materials results from In-eguiar voids between these regions (K. Wefers and 
Chanakya hflisra, "Oxides and HydnDxides of Aluminum", Technical Paper No 19 Revised, Alcoa 
Research Laboratories, 54-59 (1987)). Since, in the case of either material, there is no long range 
order controlling the sizes of pores in the material, the variability in pone size Is typically quite high. 
The sizes of pores in ti^ese materials fall into a regime called the mesoporous range,, including, for 

30 example, pores within tiie range of about 15 to about 200 Angstroms. 

In sharp contrast to these structurally llklefined solids are materials whose pore size distribution is 
very nanrow because it is controlled by the precisely repeating crystalline nature of tiie materials' 
microstructure. These materials are called "molecular sieves" the most important examples of 
which are zeolites. Zeolites, both natural and synthetic, have been demonstrated in tiie past to 

35 have catalytic properties for various types of hydrocart^on conversion. Certain zeolitic materials are 
onjered, porous crystalline aluminosilicates having a definite crystalline structure as determined by 
X-ray diffraction, witiiin which there are a large number of smaller cavities which may be 
interconnected by a number of still smaller channels or pores. These cavities and pores are 
uniform In size within a specific zeolitic material. Since the dimensions of these pores are such as 
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to accept for adsorption molecules of certain dimensions while rejecting those of larger dimensions, 
these materials are known as "molecular sieves" and are utilized in a variety of ways to take 
advantage of these properties. Such molecular sieves, both natural and synthetic, indude a wide 
variety of positive ion-containing crystalline silicates. These silicates can be described as a rigid 

5 three-dimensional framework of SI04 and Periodic Table Group IIIB element oxide, e.g.. AI04, in 
which the tetrahedra are cross-linked by the sharing of oxygen atoms whereby the ratio of the total 
Group IIIB element, e.g., aluminum, and Group IVB element, e.g., silicon, atoms to oxygen atoms 
is 1:2. The electrovalence of the tetrahedra containing the Group IIIB element, e.g., aluminum, is 
balanced by the inclusion in the crystal of a cation, for example, an alkali metal or an alkaline earth 

10 metal cation. This can be expressed wherein the ratio of the Group IIIB element, e.g., aluminum, to 
the number of various cations, such as Ca, Sr, Na. K or Li, is equal to 1. One type of cation may be 
exchanged either entirely or partially with another type of cation utilizing ion exchange techniques 
in a conventional manner. By means of such cation exchange, it has been possible to vary the 
pn^perties of a given silicate by suitable selection of the cation. Many of these zeolites have come 

15 to be designated by letter or other convenient symbols, as illustrated by zeolites A (U.S. Pal No. 
2,882,243); X (U.S. Pat No. 2,882.244); Y (U.S. Pat No. 3,130,007); ZK-5 (U.S. Pat No. 
3,247,195); ZK-4 (U.S. Pat No. 3,314,752); ZSM-5 (U.S. Pat No. 3,702,886); ZSM-11 (U.S. Pat 
No. 3,709,979); ZSM-12 (U.S. Pat No. 3,832,449), ZSM-20 (U.S. Pat No. 3.972.983); ZSM-35 
(U.S. Pat No. 4,016,245); ZSM-23 (U.S. Pat No. 4,076,842); MCM-22 (U.S. Pat No. 4,954.325); 

20 MCM-35 (U.S. Pat No. 4,981,663); MCM-49 (U.S. Pat No. 5,236.575); and PSH-3 (U.S. Pat No. 
4,439,409). The latter refers to a crystalline molecular sieve composition of matter named PSH-3 
and its synthesis from a reaction mixture containing hexamethyleneimine, an organic compound 
which acts as directing agent for synthesis of a layered MCM-56. A similar composition, but witii 
additional structural components, is taught in European Patent Application 293,032. 

25 Hexamethyleneimine is also taught for use In synthesis of crystalline molecular sieves MCM-22 in 
U.S. Pat 4,954,325; MCM-35 in U.S. Pat No. 4.981,663; MCM-49 in U.S. Pat 5.236,575; and 
ZSM-12 in U.S. Pat No. 5,021,141. A molecular sieve composition SSZ-25 is taught in U.S. Pat 
No. 4,826,667 and European Patent Application 231,860. said zeolite being synthesized from a 
reaction mixture containing an adamantane quaternary ammonium ion. Molecular sieve material 

30 being selected from the group consisting of zeolites REY, USY, REUSY, dealuminated Y, 
ultrahydrophobic Y, silicon-enriched dealuminated Y, ZSM-20. Beta, L, silicoaluminophosphates 
SAPO-5. SAPO-37, SAPO-40, MCM-9, metalloaluminophosphate MAPO-36, aluminophosphate 
VPI-5 and mesoporous crystalline MCM-41 are suitable for including into a supported catalyst of 
this invention. . 

35 Certain layered materials, which contain layers capable of being spaced apart with a swelling 
agent, may be pillared to provide materials having a large degree of porosity. Examples of such 
layered materials include clays. Such clays may be swollen with water, whereby the layers of the 
clay are spaced apart by water molecules. Other layered materials are not swellable with water, but 
may be swollen with certain organic swelling agents such as amines and quaternary ammonium 
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compounds. Examples of such non-water swellable layered materials are described In U.S. Pat. 
No. 4,859,648 and include layered silicates, magadiite, Icenyaite, trititanates and perovskites. 
Anottier example of a non-water swellable layered material, which can be swollen with certain 
organic swelling agents, is a vacancy-containing titanometallate material, as described in U.S. PaL 

5 No. 4,831,006. Once a layered material is swollen, the material may be pillared by interposing a 
themfialiy stable substance, such as silica, between the spaced apart layers. The aforementioned 
U.S. Pat Nos. 4,831,006 and 4.859,648 describe methods for pillaring the non-water swellable 
layered materials described therein and are incorporated herein by reference for definition of 
pillaring and pillared materials. Other patents teaching pillaring of layered materials and the pillared 

10 products include U.S. Pat Nos. 4,216,188; 4,248,739; 4,176,090; and 4,367,163; and European 
Patent Application 205,711. The X-ray diffraction pattems of pillared layered materials can vary 
considerably, depending on the degree that swelling and pillaring disrupt the otherwise usually 
well-ordered layered microstructure. The regularity of the microstructure in some pillared layered 
materials is so badly disrupted that only one peak in the low angle region on the X-ray diffraction 

15 pattern is observed, at a d-spacing corresponding to the interiayer repeat in the pillared material. 
Less disrupted materials may show several peaks in this region that are generally orders of this 
fundamental repeat X-ray reflections from the crystalline structure of the layers are also sometin[ies 
observed. The pore size distribution In these pillared layered materials Is nannower than those in 
amoiphous and paracrystalline materials but broader than that in crystalline framework materials. 

20 

The present invention also provides the use of a five-coordinate metal complex within the 
broad acceptation above or having one of the general formulae (lA) and (IB), preferably one 
wherein the metal M is selected from the group consisting of ruthenium, osmium, Iron, 
molybdenum, tungsten, titanium and rhenium, or a supported catalyst indudoing a earner sudi as 
25 previously defined, as a catalytic component in a reaction selected from the group of metathesis 
reactions, atom transfer radical reactions, addition polymerisation reactions and vinylation 
reactions. 

In a first embodiment, said reaction is a metathesis reaction for transforming a first olefin into at 
least one second olefin (being different from the said first olefin) or into a linear olefin oligomer or 

30 polymer or else into a cyclo-olefin. The invention thus relates to a method for performing a 
metathesis reaction comprising contacting at least one first olefin with a catalytically active metal 
cartDene compound having one of the general formulae (lA) and (IB), optionally supported on a 
suitable carrier. The high level metathesis activity of the metal carbene compounds of the present 
invention cause these compounds to coordinate with and catalyze metathesis reactions between all 

35 types of olefins. Examplary reactions enabled by the metal carbene compounds of ttie present 
invention include, but are not limited to, ring-opening metathesis polymerization of cyclic olefins, 
ring closing metathesis of acyclic dienes, cross metathesis reactions involving at least one acyclic 
or cyclic olefin and de-polymerization of olefinic polymers. In particular, the catalysts of tiie present 
invention are able to catalyze cydic olefins with a ring size of at least tiiree atoms. Examples of 
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cyclic olefins that may be used in such metathesis reactions Include norbomene and functional 
derivatives thereof (such as Illustrated in the following examples), cyclobutene, norbomadiene, 
cyclopentene, dicyclopenta-diene, cydoheptene. cyclooctene, 7-oxanorbomene, 7- 
oxanorbomadiene, cyclooctadlene and cydododecene. 

5 The metathesis reaction of the invention may be carried out in an inert atmosphere by 
dissolving a cataiyfic amount of a metal carbene catalyst in a solvent and adding a cydic olefin, 
optionally dissolved in a solvent, to the carbene solution, preferably under agitation. Solvents that 
may be used for perfomning the metathesis reaction include all kinds of organic solvents such as 
protic solvents, polar aprotic solvents and non-polar solvents as well as aqueous solvents whldi 

10 are inert under the polymerization conditions. More specific examples include aromatic 
hydrocarbons, chlorinated hydrocarbons, ethers, aliphatic hydrocarbons, alcohols, esters, ketones, 
amides, water or mixtures thereof, as well as supercritical solvents such as carbon dioxide (while 
performing the reaction under supercritical condifions). Preferred solvents include benzene, 
toluene, p-xylene, methylene chloride, dichloroethane, dichiorobenzene, chlorobenzene, 

15 tetrahydrofuran, diethylether. pentane, methanol, ethanol. water, or mixtures thereof. The solubility 
of the polymer fbmned during the metathesis polymerization reaction will depend upon the choice of 
solvent and the molecular weight of the polymer obtained. Reaction temperatUfBS can range 
typically from about O^'C to about 100X, preferably 20*C to 50**C. The duration of the reaction may 
be from about 1 to 600 minutes. The molar ratio of catalyst to olefin is not critical and can range 

20 from about 1:100 to about 1:1,000,000, preferably from 1:100 to about 1:300,000 and more 
preferably from 1:200 to 1:10,000. Before the polymer fonmed solidifies or, at will, when a desired 
molecular weight of the polymer has been achieved, an oxidation inhibitor and/or a terminating (or 
chain-transfer) agent may be added to the reaction mixture. The dioioe of the terminating agent 
used is not critical to tiiis Invention, provided tiiat the said temninating agent reacts witii the catalytic 

25 carbene metal compound (lA) or (IB) and produces another cariDene metal compound which is 
inactive, i.e. not able to further propagate ttie reaction, under tiie prevailing temperature conditions. 
Suitable examples of such tenninating agents Include vinylic compounds such as phenyl vinyl 
sulfide, ethy! vinyl etiier, vinyl acetate and N-vinylpyrrolidone. 

Because the five-coordinate metal complexes, in particular (lA) and (IB), of this invention are 

30 stable in tine presence of various fijnctional groups, tiiey may be used to catalyze a wide variety of 
olefins under a wde variety of process conditions. In particular tiie first olefinic compound to l>e 
converted by a metathesis reaction may indude one or more functional atoms or groups, for 
instance selected firom the group consisting of hydroxyl, ttiiol (mercapto), ketone, aldehyde, ester 
(cariDoxylate), tinioester, cyano, cyanato, epoxy, silyl, silyloxy, sllanyl, siloxazanyl, boronato. boryl, 

35 stannyl, disulfide, cart^onate, imine, carboxyl, amine, amide, carboxyl, isocyanate, tiiioisocyanate, 
cart^odiimide, ether (preferably C1.20 alkoxy or aryloxy), thioetiier (preferably Cv2o thioalkoxy or 
tiiioaryloxy). nitro. nitroso, halogen (preferably chloro). ammonium, phosphonate. phosphoryl, 
phosphino, phosphanyl, C1.20 alkylsulfanyl. arylsulfanyl, C1.20 alkylsulfonyl, arylsulfonyl, C1-20 
alk>1sulfinyl, arylsulfinyl, sulfbnamido and sulfonate (preferably paratoluenesulfonate, 
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methanesulfbnate or trifluoromethanesulfonate). The said first olefin functional atom or group may 
be either part of a substituting group of the first olefin or part of the carbon chain of the first olefinic 
compound. 

The high level metathesis activity of the five-coordinate metal complexes of this invention also 
maizes them useful for catalyzing, at relatively low temperatures (about 20'C to 80*C). in the 
presence or absence of a solvent, the ring-dosing metathesis of acyclic dienes such as, for 
instance, diallyiic compounds (diallyl ether, diallyl thioether. diallyl phtalale. diallylamino 
compounds such as diallylamine, diallylamino phosphonates, diallyl glycine esters, etc), 1,7- 
octadiene. substituted 1.6-heptadienes and the like. In the case of diallyiic compounds such as 
mentioned above, the reacfion may even proceed unexpectedly further to the obtention of a pynolyl 
compound, a furanyl compound or a thiophenyl compound. l.e. a dehydrogenated product, 
provided that the five-coordinate metal complex being used is a bimetallic complex wherein one 
metal is penta-coordinated and the other metal is tetra-coordinated. 

The five-coordinate metal complexes of this invention may also be used for the preparation of 
telechelic polymers, i.e. macromolecules with one or more reactive end-groups which are useful 
materials for chain extension processes, block copolymer synthesis, reacBon injection moulding, 
and polymer network formation. An example tiwreof is hydroxyl-telechelic polybutadiene which 
may be obtained from 1,5-cycooctadiene, 1 .4-diacetoxy-cis-2-butene and vinyl acetate. For most 
applications, a highly functionalized polymer, i.e. a polymer with at. least two functional groups per 
chain, is required. The reaction scheme for a telechelic polymer synttiesis via ring opening 
metathesis polymerisation is well known to Oiose skilled in the art in such a scheme, acyclic olefins 
act as chain-transfer agents in order to regulate the molecular vi«ight of the telechelic polymer 
produced. When a,<B-bifuncBonal olefins are used as chain-transfer agents, truly bi-ftinctional 
telechelic polymers can be syntiiesized. 

As a summary, a metathesis reaction mettiod according to ttie invention can be perfoimed, 
wherein the first olefinic compound Is an acyclic mono-olefin. For instance ttie said method for 
olefin coupling by cross-metatiiesis may comprise tiie step of contacting a first acyclic olefin or 
functionalized olefin, such as above^lefined. witti a metal carbene compound of ttie Invention In the 
presence of a second olefin or functionalized olefin. More preferably, tiie said cross-metatiiesis 
reaction can be for transforming a mixture of a mono-olefin having the formula R8CH=CHRio and a 
mono-olefin having tiie fomiula RsCHsCHRu, wherein each of Re, Rq. Rio and Ri, is 
independentiy selected from Ci^a alkyl groups optionally bearing one or more ftincUonal atoms or 
groups sudi as above defined, into a mbdure of a mono-olefin having the formula RbCH=CHR9 and 
a mono-olefin having the formula RiiCH=CHRio. 

Alternatively, the said first olefinic compound may be a diolefin or a cycfic mono-olefin witii a 
ring size of at least ttiree atoms, and ttie said metattiesls reaction is preferably perfbmied under 
conditions suitable for ti3nsfomiing said diolefin or cydic mono-olefin into a linear olefin oligomer or 
polymer. When tiie said first olefinic compound is a diolefin, ttie said metattiesls reaction may also 
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be performed under conditions suitable for transforming said diolefin into a mixture of a cyclic 
mono-olefin and an aliphatic alplia-olefin. 

Depending upon the selection of the starting substrates for the metathesis reaction and the 
intended use of the final organic molecule to be produced, the said metathesis reaction can yield a 
5 very wide range of end-products Including biologically active compounds. For instance the reacHon 
may be for transforming a mixture of two dissimilar olefins, at least one of which is an aipha-olefin, 
selected from (i) cydodienes containing fmm 5 to 12 carbon atoms and (ii) olefins having the 
formula: 

XHC=CH-(CH2HCH=CH)a-{CHX')o-(CH2)rX" (IV). 
10 into an unsaturated biologically active compound having the formula: 

H(CH2MCH=CH)a-(CH2MCH=CH)b-(CH2)pX" (V). 

wherein 

a is an integer from 0 to 2, 
b is selected from 1 and 2, 

15 c Is selected from 0 and 1 , 

m and p are such that the hydrocarbon chain in formula (V) contains from 10 to 18 carbon atoms, 
r and t are such that the combined total of carbon atoms in the hydrocarbon chains of the two 
dissimilar olefins of formula (IV) is from 12 to 40, 
z is an integer from 1 to 10, and 

20 X, X and X" are atoms or groups each independently selected from hydrogen, halogen, methyl, 
acetyl, -CHO and -OR12, wherein R12 is selected from hydrogen and an alcohol protecting group 
selected from the group consisting of tetrahydropyranyl, tetrahydrofuranyl, tert-butyl, trityl, 
ethoxyethyl and SIR13R14R15 wherein R13, Rm and R15 are each independently selected from 
alkyi groups and aryl gmups. 

25 The said unsaturated biologically active compound having the formula (V) may be a 
pheromone or pheromone- precursor, an insecticide or a insecticide precursor, a phannaceutically 
active compound or a pharmaceutical intennediate, a fragrance or a fragrance precursor. A few 
examples of the said unsaturated biologically active compounds include 7,11-hexadecadienyl 
acetates, 1 -chloro-5-decene. trans.trans-8, 1 0-dodeca-dienol, 3,8,1 0-dodecatrienol, 5-decenyl 

30 acetate. 11-tetradecenylacetate and 1,5.9-tetradecatriene. Gossyplure, comprising a mixture of 
7,11-hexadecadienyl acetate stereoisomers, is a commercially available pheronome useful in pest 
control in view of its effecfiveness in disrupting the mating and reproductive cydes of specifically 
targeted insect species. It may advantageously be produced from 1,5,9-tetradecatriene, the latter 
i^eing obtainable from cyclooctadiene and 1-hexene according to the present invention. 
35 When perfomning the metathesis reaction process of the invention, altiiough in most cases the 
said reaction proceeds very quickly, it may be advantageous for a few specific olefins, in order to 
improve the reaction rate and/or yield of tiie metathesis reaction, to further contact the first olefinic 
compound, and optionally the second olefinic compound, with an organic or inorganic acid or a 
Lewis acid based on aluminium, titanium or boron, the latter being well defined in tiie art 



wo 03/062253 



PCT/BE03/00008 



22 

At the opposite, as illustrated by some of the following examples, ring-opening metathesis 
polymerization (ROMP) reactions using the catalysts of the invention may proceed in such an 
extremely quicl^ly fashion for monomers such as norbomene and substituted norbomenes that 
polymerization control could become a problem in the absence of appropriate measures. This land 

5 of problem is likely to occur during the molding of themioset polymers wherein a liquid olefin 
monomer and a catalyst are mixed and poured, cast or injected into a mold and wherein on 
completion of polymerization (i.e. "curing" of ttie arfide) the molded part is removed from the mold 
before any post cure processing that may be required, such as in the Reaction Injecfion Molding 
("RIM") technique. It is well Icnown that the ability to control reaction rates, i.e. the pot life of the 

10 reaction mixture, becomes more important in the molding of larger parts. Using the catalysts of the 
Invention, extending the pot life and/or controlling the rate of a metathesis polymerisation reaction 
may be effected in different ways, such as increasing the ratio catalyst/olefin and/or adding a 
polymerization retardant to the reaction mixture. Moreover this can be achieved by an Improved 
embodiment comprising: 

15 (a) a first step of contacting a metathesis catalyst (optionally supported) as previously 

disclosed with an olefin in a reactor at a first temperature at which the said 
metathesis catalyst is substantially unreacth^e (inacth^e), and 
(b) a second step of bringing the reactor temperature (e.g. heating said reactor) up to 
a second temperature above the said first temperature, at which said catalyst is 
20 active. 

In a more specific embodiment, heat activation occurs in bursts rather than continuously, e.g. 
by repeating the sequence of steps (a) and (b). 

Within the said controlled polymerization metiiod, it should be understood ttiat the non- 
reactivity of tiie catalyst in the first step depends not only on ttie first temperature but also on the 
25 olefin/catalyst ratio in ttie olefin/catalyst mixture. Preferably tiie first temperature Is about 20"C 
(room temperature) but, for spedfic olefins and specific olefin/catalyst ratios, it may even be 
suitable to cool tiie olefin/catalyst mixture below room temperature, e.g. down to about 0**C. The 
second temperature is preferably above 40^*0 and may be up to about QO'^C. 

As illustrated by the following examples, ring-opening metathesis polymerization reactions 
30 using the catalysts of the invention readily achieve polymers such as polynorbomene, and 
functional derivatives thereof, witii better controlled characteristics such as a molecular weight 
(number average) ranging from about 25,000 to 600,000 and a polydisperslty index (MJMn) 
ranging from about 1 .2 to 3.5, preferably from about 1 .3 to about 2.5. 

Ring-opening metathesis polymerization reactions using ttie catalysts of the invention, In 
35 particular when performed in a mold such as in the RIM technique, may occur in the presence of 
fonmulation auxiliaries, such as antistatics, antioxidants, ceramics, light stabilizers, plastidzers, 
dyes, pigments, fillers, reinforcing fibers, lubricants, adhesion promoters, viscosity-enhancing 
agents and demolding agents as is already well known in tine art 
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Yet another use of the metal carbene compounds of the present invention, having one of the 
general formulae (lA) and (IB) and v/herein the metal M is preferably selected from the group 
consisting of ruthenium, osmium, iron, molybdenum, tungsten, titanium and rhenium, is as a 
catalyst for the radical addition reaction of a polyhalogenated alkane onto an olefin (the so-called 

5 Kharasch reaction). Such a reaction is preferably perfomried in the presence of an organic solvent, 
in a rholar excess of the polyhalogenated alkane. and \Mthin a temperature range between about 
30*" and 100X. Suitable examples of tiie polyhalogenated alkane used in this embodiment of tiie 
invention are carbon tetrachloride, chloroform, trichorophenylmethane and carbon tetrabromide. 
Examples of suitable olefins Include vinylaromatic monomers such as styrene or vinyltoluene, a,p- 

10 ethylenically unsaturated add esters such as Ci.io alkyl acryiates and methacrytates, acrylonitrile 
and the like. 

The present invention also provides the use of a five-coordinate metal complex, optionally 
supported on a carrier, such as previously disclosed, or a five-coordinate metal compound having 
one of tiie general fomnulae (I C) and (I D) referred to In figure 4, or a cationic species thereof 
15 (obtained by abstracting an ank>nic ligand), optionally in combination with a supporting amount of a 
carrier, wherein: 

- M, 2, R', R", R'*, R"", R2, R3, R4 and y are as previously defined in respect of formulae (lA) 
and (IB), and 

- R16 is a nautili elecbxjn donor, 

20 as a catalyst component of a catalytic system for the atom or group transfer radical polymerization 
of one or more radically (co)polymeri2able monomers, or for ATRA or a vinylation reaction. 

By contrast to the constraint steric hindrance group Ri of compounds (lA) and (IB), the neutral 
electron donor R16 of compounds (IC) and (ID) usually has a pKa less than about 15. Suitable 
examples of Rie include phosphines of tiie formula PRirRiB^is wherein R17, Ris and Rig are each 

25 independentiy selected from the group consisting of Ci.io alkyl, cycloalkyi and aryl, such as for 
instance tricydohexylphosphine (pKa= 9.7), tricyclopentyiphosphine, triisopropylphosphine and 
triphenylphosphine (pKa = 2.7), as well as functionalised phosphines, arsine, stilbene, arena, 
heteroarene. etc. Although compounds (IC) and (ID) are less effective than compounds (lA) and 
(IB) In tiie catalysis of olefin metatiiesis reactions, ttiey were found to be efficient in the catalysis of 

30 ATRP, ATRA and vinylation reactions. 

Some of tiie compounds having one of tiie general formulae (IC) and (ID), especially those 
vyrherein y is 0 and M is ruthenium or osmium, are well knovm to tiiose skilled in ttie art, being 
descnl)ed in U.S.Patent No. 5,977,393 as metathesis catalysts. Compounds having one of tiie 
general formulae (IC) and (ID), wherein y Is from 1 to 3 indusive, or wherein y is 0 but M is a metal 

35 selected from the group consisting of iron, molybdenum, tungsten, titanium, riienium, copper, 
chromium, manganese, rhodium, vanadium, zinc, gold, silver, cobalt and nickel, are not yet known 
in ttie art but can suitably be prepared by any of the mettiods disclosed herein as second and third 
embodiments of this invention, v^ile simply repladng Ri with Rie in tiie starting materials of tiie 
relevant method step. 
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As already mentioned herein-above, it is critiral to the success of living/controlled radical 
polymerisation contemplated as a seventh embodiment of the present invention to- achieve rapid 
exchange between growing radicals present at low stationary concentrations (in a range of from 
about 10"* moie/1 to 10"^ mole/I) and donnant chains present at higher concentrations (typically in a 

5 range of from about 10"^ mole/1 to 1 mole/1). It may ttierefbre be desirable to match the respective 
amounts of the catalytic component of the invention and of the radically (co)polymenzable 
monomer(s) In such a way that these concentration ranges are achieved. If the concentration of 
growing radicals exceeds about 10"® mole/I, there may be too many active species in the reaction, 
which may lead to an undesirable increase in the rate of side reactions (e.g. radical-radical 

10 quenching, radical abstraction from species other than the catalyst system, and do on). If the 
concentration of growing radicals is less than about 10"® mole/I, the polymerisation rate may be 
undesirably slow. Simllariy, if the concentration of dormant chains is less than about 10"^ mole/I, the 
molecular weight of the polymer produced may Increase dramatically, thus leading to a potential 
loss of control of its polydlspersity. On the other hand, if the concentration of donnant species Is 

15 greater than 1 mole/1, the molecular weight of the reaction product may likely become too small and 
result in the properties of an oligomer with no more than about 10 monomeric units. In bulk, a 
concentration of dormant drains of about 10"^ mole/I provides a polymer having a molecular weight 
of about 100,000 g/mole. 

The various catalytic components of the present invention are suitable for \he radical 
20 polymerisation of any radically polymerizable alkene, including (meth)acrylates, styrenes and 
dienes. They are able to provide controlled copolymers having various stnjctures, including block, 
random, gradient, star, graft, comb, hyperiiranched and dendritic (co)polymers. 

More specificalty, monomers suitable for IMng radical polymerization according to the seventii 
emtKxIiment of tiie present invention include fliose of the formula R3iR32C=C R33R34 wherein: 
25 - R31 and R32 are Independentiy selected from tiie group consisting of hydrogen, halogen, 
ON. CF3, C1.20 alkyi (preferably alkyi). a;p-unsaturated C2.20 alkynyl (preferably 
acetylenyl), a,p-unsaturated C2.20 alkenyl (preferably vinyl) optionally substituted 
(preferably at ttie a position) with a halogen, cydoalkyi, phenyl optionally bearing 1 to 
5 substituents, 

30 - R33 and R34 are independentiy selected from tiie group consisting of hydrogen, halogen 
(preferably fluorine or chlorine), Ci-e alkyi and COOR35 (where R35 is selected from 
hydrogen, an alkali metal, or alkyi), and 
- at least two of R31 , R32 , R33 and R34 are hydrogen or halogen. 

/Accordingly, suitable vinyl heterocydes which can be used as a monomer In tiie present 
35 invention include 2-vinyl pyridine, 6-vinyl pyridine, 2-vinyl pyrrole, 5-vinyl pynole, 2-vinyl oxazole, 5- 
vinyl oxazole, 2-vinyI tiiiazole. 5-vinyl tiiiazole, 2-vinyl imidazole, 5-vlnyl imidazole, 3-vinyf pyrazole, 
5-vinyl pyrazole, 3-vinyl pyridazine, 6-vinyl pyridazlne, 3-vinyl isoxazole, 3-vinyl isotiiiazoles, 2-vinyl 
pyrimldine, 4-vinyl pyrimidine, 6-vinyl pyrimldine, and any vinyl pyrazine, ttie most prefenred being 
2-vinyl pyridine. 
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Other preferred monomers include: 

- (meth)acrylic esters of Ci-20 alcohols, 

- acrylonitrile, 

- cyanoacryiic esters of alcohols, 

- didehydromalonate dlesters of Ci-6 alcohols. 

- vinyl ketones wherein the a cart>on atom of the alkyl group does not hesr a hydrogen atom, 
and 

- styrenes optionally bearing a Ci^ alkyl group on the vinyl moiety (preferably at the a 
carbon atom) and from 1 to 5 substituents on the phenyl ring, said substltuents being 
selected from the group consisting of C« alkyl, C,^ alkenyl (preferably vinyl). alkynyl 
(preferably acetylenyl). alkoxy, halogen, nitro. caifeoxy, Ci^ alkoxycarbonyl, hydroxy 
protected with a acyl, cyano and phenyl 

The most prefen-ed monomers are methyl acrylate, methyl methacryiate, butyl acrylate. 2- 
ethylhexyl acrylate. acrylonitrile and styrene. 

In this seventh embodiment of the Invention, the catalytic component of the invention is more 
preferably used in combination with an initiator having a radically transferable atom or group, since 
an ATRP catalytic system is based on the reversible fbnmation of growing radicals in a redox 
reaction between the metal component and an initiator. 

Suitable initiators Include ttiose having ttie formula R35R36R37CX1 
wherein: 

- Xi is selected from the group consisting of halogen, OR3B (wherein Raa Is selected from Ci. 
20 alkyl, poiyhaloCvaoalkyl. C2.20 alkynyl (preferably acetylenyl). C2.20 alkenyl (preferably 
vinyl), phenyl optionally substituted with 1 to 5 halogen atoms or Ci^ alkyl groups and 
phenyl-substituted alkyl), SR39, OC(=:0)R39. OP(=0)R39, OP(=0)(OR39)2. OP(=0)OR39, 
0-N(R3b)2 and S-C(=S)N(R39)2, wherein R39 is aryl or Ci^ alkyl, or where an l^iRnh 
group is present, tiie two R39 groups may be joined to fomn a 5-, 6- or 7-memberKl 
heterocyclic ring (in accordance witii the definition of heteroaryl above), and 

- Rss. R36 and R37 are each independentiy selected from ttie group consisting of hydrogen, 
halogen. Cv2o alkyl (preferably alkyl). cycloalkyl, C(=0)R4o, (wherein R40 Is 
selected from the group consisting of C1.20 alkyl. C1.20 alkoxy, aryloxy or heteroaryloxy). 
C(=0)NR4iR42 (wherein R41 and R42 are independentiy selected from the group consisting 
of hydrogen and C1-20 alM or R41 and R42 may be joined together to fonn an alkylene 
group of 2 to 5 carbon atoms). COCI. OH. CN, C2-20 alkenyl (preferably vinyl), C2.20 alkynyl. 
oxiranyl, glyddyl, aryl, heteroaryl, arylalkyl and aryl-substituted C2-20 alkenyl. 

In these initiators, Xi is preferably bromine, which provides both a higher reaction rate and a 
lower polymer polydispersity. 

When an alkyl, cycloalkyl. or alkyl-substituted aryl group is selected for one of R35, R36 and R37. 
the alkyl group may be furtiier substituted witii an Xi group as defined above. Thus, it is possible 
for the initiator to serve as a starting molecule for branch or star (co)polymers. One example of 
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such an initiator is a 2,2-bis(halomethyI)-1.3-dihalopropane (e.g. 2,2-bis(chloromethyl>-1,3- 
dichloropropane or 2,2-bis(bromomethyl}-1,3-dibromopropane), and a preferred example is where 
one of R35, R36 and R37 is phenyl substituted with from one to five all^ substituents, each of 
which may independently be further substituted with a Xi group (e.g. a,a'-dibromoxylene, 
hexal<is(a-chlorx> or a-bromomethyl)benzene). 

Preferred initiators include 1-phenyiethyl chloride and 1-phenylethyl bromide, chlorofomn, carbon 
tetrachloride. 2-chloropnDplonitrile and Ci^alkyl esters of a 2-halo- Ci^caifeoxyllc acid (such as 2- 
chloropropionic add, 2-brpmopropionic acid, 2-chloroisobutyric acid, 2-bromojsobutyric acid and 
the nice). 

Any transition metal compound which can partidpate in a redox cycle with the initiator and 
dormant polymer chain, but which does not form a direct carbonnnetal bond with the polymer 
chain^ such as mtinenlum, osmium, iron, molybdenum, tungsten, titanium, rhenium, copper, 
chromium, manganese, rhodium, vanadium, zinc, gold, silver, nickel and cobalt, is suitable for use 
in this embodiment of the present invention, in this seventh embodiment of the invention, the 
catalytic metal carbene component of the invention may be one wherein the anionic ligand R2 is 
preferably selected from the group consisting of halogen, Ci^Ikoxy, sulfate, phosphate, 
hydrogenophosphate, triflate, hexafluorophosphate, methanesulfonate, arylsulfbnate (preferably 
benzenesulfonate or toluenesulfonate), cyano. tetrafluoroborate and Ct.ccarboxylate. As is well 
known to those skilled in the art, one such catalytic component having a anionic ligand like 
tetrafluoroborate may suitably be prepared by ligand exchange by reacting a metal carbene 
compound having a halogen as tiie anionic ligand R2 with a metal compound having another anion, 
e.g. silver tetrafluoroborate, which is able to extract and replace the halogen atom, thus giving rise 
to a cationic alkylidene complex. It was unexpectedly found that such cationic alkylidene 
complexes exhibit better catalytic activity ttian ti^e conBsponding metal cartsene complexes being 
coordinated with a halogen ligand. 

In tills asped of tiie present invention, tiie amounts and relative proportions of tiie initiator and 
tiie transition metal carbene compound are those effective to condud ATRP. The molar proportion 
of tiie transition metal cart)ene compound relative to the initiator may be from 0.0001:1 to 10:1, 
preferably from 0.1:1 to 5:1, more preferably from 0.3:1 to 2:1, and most preferably from 0.9:1 to 
1.1:1. 

ATRP according to the Invention may be conducted in the absence of a solvent, i.e. in bulk. 
However, when a solvent is used, suitable solvents indude ettiere, cydic ethers, alkanes, 
cydoalkanes. aromatic hydrocartjons, halogenated hydrocariwns, acetonrtrile, dimethylfonnamide 
and mixtures ttiereof , and supercritical solvents (such as CO2). ATRP may also be conducted In 
accordance witii known suspension, emulsion or precipitation methods. Suitable ethers indude 
dietiiyl etiier. etiiyl propyl etiier, dipropyl etiner. methyl t-butyl ether, di-t-butyl ettier, gJyme 
(dimetiioxyettiane) diglyme (dietiiylene glycol dimetiiyl ettier), etc. Suitable cydic etiiers indude 
tetrahydrofuran and dioxane. Suitable alkanes indude pentane, hexane, cydohexane, octane and 
dodecane. Suitable aromatic hydrocartx)ns include benzene, toluene, o-xylene, m-xylene, p-xylene 
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and cumene. Suitable halogenated hydrocarbons include dichloromethane, 1 ,2-dict^loroethane and 
benzene substituted with 1 to 6 fluorine and/or chlorine atoms, although one should ensure that the 
selected halogenated hydrocarbon does not act as an initiator under the reaction conditions. 

ATRP may be conducted in the gas phase (e.g. by passing the gaseous monomer(s) over a 
bed of the catalytic system), in a sealed vessel or in an autoclave. (Co)polymerizing may be 
conducted at a temperature of from about OX to 160X. preferably from about 60"C to 120"C. 
Typically, the reaction time will be from about 30 minutes to 48 hours, more preferably from 1 to 24 
hours. (Co)polymeri2ang may be conducted at a pressure of from about 0.1 to 100 atmospheres, 
preferably from 1 to 10 atmospheres. 

According to another embodiment, ATRP may also be conducted in emulsion or suspension In 
a suspending medium for suspending the monomer(s) and while using the metal carbene complex 
of the invention in combination with a surfactant, in a way such as to fomn a (co)polymer emulsion 
or suspension. The suspending medium usually is an inorganic liquid, preferably v^rater. In this 
embodiment of the invention, the weight ratio of the organic phase to the suspending medium is 
usually between 1:100 and 100:1, preferably between 1:10 and 10:1. If desired, the suspending 
medium may be buffered. Preferably the surfactant will be selected in order to control the stability 
of the emulsion, i.e. to form a stable emulsion. 

In order to conduct polymerization in a heterogeneous medium (where the monomer/polymer Is 
insoluble, or only slightly soluble, in the suspension medium, i.e. water or CO2), the metal catalyst 
component should be at least partially soluble in the monomer/polymer. Thus, only when ligands 
are property selected to allow the catalyst to meet this requirement, such as ligands containing long 
alkyi chains to increase catalyst solubility in hydrophobic monomers targeted for polymerization, is 
a successful, controlled ATRP polymerization obtained in ttie water-bome systems of this 
embodiment. From the above description of ligands coordinating the metal M in the catalyfically 
active metal cariDene complexes of the invention, those skilled in the art will be able to make a 
suitable selection. 

A key component in the preparation of the stable emulsions of the present embodiment is the 
use of the surfactant to stabilize the initial monomer suspension/emulsion and grov^ng polymer 
particles and to prevent unwanted coagulation/flocculation of the particles. In order to conduct 
ATRP in emulsion however, care should be taken to choose a surfactant which does not interfere 
with the catalyst or dormant chain end. Suitable surfactants include non-ionic, anionic, and cationic 
surfactants, vnnth cationic and non-ionic surfactants being preferred in non-buffered solutions. 
Particularty preferred non-ionic surfactants include polyethylene giycol, polyoxyethylene oleyl 
ethers and polyoxythylene sorbltan monoalkyls. A preferred cationic surfactant is dodecyitrimethyl 
ammonium bromide. Regardless of the surfactant used, efficient stirring is prefenBd to obtain good 
dispersions or latexes. 

The surfactant is usually present in a concentration of afcKDUt 0.01% to 50% by weight based on 
the total weight of all components introduced into the polymerisation reactor, i.e. suspending 
medium, monomer(s), surfactant and catalytic system. 
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High solubility in the suspension medium is not a prerequisite for the initiator as demonstrated 
by the use of the poorly water soluble ethyl 2-bromoisobutyrate, to initiate the emulsion 
polymerizations. While any order of addition of the initiator and other reaction components can be 
used, however if the initiator is added to a pre-emulsified reaction mixture, stable latexes are 

5 usually obtained. Suitable initiators have been descrit>ed herein-above in the solvent embodiment 
of the ATRP process. Initiators can also be macromolecules that contain radically transferable 
atoms or groups. A special type of such a macroinitiator may be water-soluble or even amphiphiiic 
and may be, after initiation of the reaction, incorporated into the polymer particle and may stabilize 
the growing particle due to the hydrophilic segment of the macroinitiator. 

10 After the (co)polymerizing step is complete, the polymer formed Is isolated by Icnown 
procedures, such as precipitating in a suitable solvent, filtering the precipitated polymer, then 
washing and drying the filtered polymer. Precipitation can be typically conducted using a suitable 
alkane or cycloallcane solvent, such as pentane hexane, heptane, cyclohexane or mineral spirits, or 
using an alcohol, such as methanol, ethanol or isopropanol, or any mixture of suitable solvents. 

15 The precipitated (co)polymer can be filtered by gravity or by vacuum filtration, e.g. using a Buchner 
funnel and an aspirator. The polymer can then be washed with the solvent used to precipitate the 
polymer, if desired. The steps of precipitating, filtering and washing may be repeated, as desired. 
Once isolated, the (co)polymer may be dried by drawing air thR)ugh the {co)polymer, by vacuum. 
The dried (co)polymer can then be analyzed and/or characterized e.g. by size exclusion 

20 chromatography or NMR spectroscopy. 

(Co)polymers produced by the catalytic process of the invention may be useful in general as 
molding materials (e.g. polystyrene) and as barrier or surface materials (e.g. polymethyl 
methacrylate). However, typically having more uniform properties than polymers produced by 
conventional radical polymerization, will be most suitable for use for specialized applications. For 

25 example, block copolymers of polystyrene (PSt) and polyacrylate (PA), e.g. PSt-PA-PSt triblock 
copolymers, are useful themnoplastic elastomers. Polymetiiylmethacrylate/acrylate triblock 
copolymers (e.g. PMMA-PA-PMMA) are useful, fully acrylic, tiiemioplastic elastomers. Homo- and 
copolymers of styrene. (meth)acrylates and/or acrylonitrile are useful plastics, elastomers and 
adhesives. Either block or random copolymers of styrene and a (metii)acrylate or acrylonitrile are 

30 useful thermoplastic elastomers having high solvent resistance. Furtiiennore. block copolymers in 
which blocks alternate between polar monomers and non-polar monomers produced by tiie present 
invention are useful amphiphiiic surfactants or dispersants for making highly uniform polymer 
blends. Star {co)polymers, e.g. styrene-butadiene star block copolymers, are useful high-Impact 
copolymers. 

35 (Co)polymers produced by tiie catalytic process of tiie present invention typically have a 

number average molecular weight of from about 1,000 to 1,000;000, preferably from 5,000 to 
250,000, and more preferably of from 10,000 to 200,000. Their structure, due to tiie high degree of 
flexibility of living radical polymerization, may include block, multi-block, star, gradient, random. 
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hyperbranched, graft, "comb-like" and dendritic copolymers. Each of the these different types of 
copolymers will be described hereunder. 

Because ATRP is a living polymerization process, it can be started and stopped, practically at 
will. Further, the polymer product retains the functional group Xi necessary to iniBate a lurtfier 

5 polymerization. Thus, in one embodiment, once a first monomer is consumed in the initial 
polymerizing step, a second monomer can then be added to form a second block on the growing 
polymer chain in a second polymerizing step. Further additional polymerizations with the same or 
different monomer(s) can be perfonmed to prepare multi-block copolymers. Furthemiore, since 
ATRP is also a radical polymerization, these blocks can be prepared in essentially any order. 

10 (Co)polymers produced by the catalytic process of the present invention have a very low 
polydispersity index, i.e. the ratio UJU^ of their weight average molecular weight to their number 
average molecular weight is typically from about 1 .1 to 1 .9, preferably from 1 .2 to 1 .8. 

Because the living (co)polymer chains retain an Initiator fragment including Xi as an end group, 
or in one embodiment as a substituent in a monomeric unit of the polymer chain, they may be 

15 considered as end-functional or in-chain functional (co)polymers. Such (co)polymers may thus be 
converted into {co)polymers having other functional groups (e.g. halogen can be converted into 
hydroxy or amino by known processes, and nitrile or carboxylic ester can be hydrolyzed to a 
cartjoxylic acid by known processes) for further reactions, including crosslinking, chain extension 
(e.g. to forni long-chain polyamides, polyurethanes and/or polyesters), reactive injection molding, 

20 and the like. 

Fiv&-coordinate metal complexes of the invention are also useful In the addition polymerisation 
of one or more a-olefins having from 2 to 12 cariwn atoms, optionally in combination with one or 
more dienes having from 4 to 20 cari3on atoms. More preferably, the catalytically active five- 
coordinate metal complex for such a reaction is one wherein the multidentate ligand affords a five- 
25 member ring structure vwth the metal, such as a complex having the general formula (IB). Also 
preferably, the said complex is used in a catalytic system for the addition polymerisation of one or 
more a-olefins having from 2 to 12 cartjon atoms, optionally in combination with one or more 
dienes having from 4 to 20 carbon atoms, comprising: 
(A) a complex having tiie general formula (IB), 
30 (B) a compound having the ability to react witii compound (A) to convert the imine moiety 

tiiereof into a metal amine structure, and 
(C) a compound having the ability to react witti compound (A) to form an ion pair. 
Suitable compounds (B) for this purpose include organoaiuminum compounds, in pariicular tri- 
n-alkylaluminums (such as triethylaluminum, tri-n-butylaluminum, tri-n-propytaluminum, tri-n- 
35 butylaluminum, tri-n-pentylalumlnum, tri-n-hexylaluminum, tri-n-octylaluminum, tri-n- 
decylaluminum, and tiieir branched chain analogues; dialkylaluminum hydrides, 
trialkenylaluminums, alkylaluminum alkoxides, dialkylaluminum alkoxides, dialkylaluminum 
aryloxides, dialkylaluminum halides. Suitable compounds (C) for this purpose include Lewis adds 
(preferably boron trifluoride and triarylboron), Ionic compounds (such as carijonium, oxonium, 
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ammonium, phosphonium, femDcenium and the like), borane compounds (such as decaborane) 
and salts thereof, metaliic carboranes and heteropoly compounds such as phosphomolybdic acid, 
silicomolybdic acid, phosphomolybdovanadic acid and the like. 

The above catalytic system is efficient in polymerising alpha-olefins, continously or batchv\rtse, 

5 at moderate temperatures ranging from about 40*C to about 80"C under atmospheric pressure, 
and in obtaining well-defined polymers with high productivity. 

If desired, removal of the transition metal catalyst from the polymerisation medium can be 
accomplished by the addition of a commercially available ion exchange resin such as is well known 
in the art. However, as explained hereinafter, it may also be desirable to modify the said catalyst 

10 into a dendrimeric material in order to facilitate Its removal by ultra-filtration techniques. 

in order to facilitate the use of the five-coordinate metal carifc^ene compounds of the invention in 
heterogeneous catalytic reactions, the present Invention further relates to derivatives of such 
compounds, being suitable for covalent bonding to a carrier, especially having one of the general 
formulae (lA) and (IB), except that R' and/or R" Is replaced or substituted with a group having the 

15 formula: 

-R2cKCH2)n-D-Si-R2iR22R23 (Vm), wherein: 

- R20 is a radical selected from the group consisting of alkylene, arylene, heteroarylene 
and Cs^ cydoalkylene, the said radical being optionally substituted wift one or more R24 
substrtuents each independently selected from the group consisting of C1.20 alkyi, C2.20 

20 alkenyl, C2-20 alkynyl, C1.20 cartDoxylate, C1.20 alkoxy, C2.20 alkenyloxy, C2^ alkyn^oxy, €2^20 

alkoxycariDonyl. C1.20 alkylsulfonyl.C1.20 alkynylsuifinyl, C1.20 alkylthio. aryloxy and aryl; 

- D is a divalent atom or radical selected from the group consisting of oxygen, sulphur, 
silicon, arylene, methylene, CHR24, C(R24)2, NH. NR24 and PR24; 

- R21. R22 and R23 are each independently selected from the group consisting of hydrogen, 
25 halogen and R24 ; and 

- n is an integer from 1 to 20; 

pnDVided that at least one of R21, Rzzand R23 is selected from the group consisting of C1.20 

alkoxy, C2-20 alkenyloxy, C2.20 alkynyloxy, C2.20 alkoxycartK>nyl, Cv2o alkylsulfonyl, Cv2o 

alkynylsuifinyl, 0^20 alkylthio and aryloxy. 
30 More preferred within the above group are such derivatives wherein R' is replaced or 

substituted with a 3-(triethoxysilyl)propyl group. Altemath^ely suitable derivatives Include shaped 
organosiloxane copolycondensation products such as disclosed In EP-A-484,755. 

In another embodiment, the invention relates to a supported catalyst for use in a 
hetemgenebus catalytic reaction, comprising the product of covalent bonding of (a) a derivafive 
35 such as defined hereinabove, and (b) a earner including one or more inorganic oxides or an 
organic polymeric material. Preferably the said inorganic canier is selected from silica, alumino- 
silica, zirconia, natural and synthetic zeolites and mbctures thereof, or the said organic polymeric 
carrier is a polystyrene resin or a derivative thereof wherein the anDmatic ring is substituted with 
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one or more groups selected from Ci^ alkyi, O^^ cycloalkyl, aryl and heteroaryl. More detailed 
examples of suitable carriers were already disclosed hereinabove. 

As previously mentioned, for the purpose of easier removal of the catalytic compound from 
the reaction medium, this invention also provides a dendrimeric material comprising two or more 

5 compounds selected from five-coordinate metal complexes having any of the general fonnulae (lA), 
(IB). (IIA), (IIB) and four-coordinate metal complexes having any of the general formulae (illA) and 
(IliB) previously described, each being attached to a core molecule (which is not to be confused 
witi^ the canier present in the supported catalyst embodiment of the invention), either directly or 
indirectly via a spacer molecule, by means of their N and/or or Z atoms and/or, v/hen one of R', R" 

10 and R"' (or R" and R"' grouped together) bears a functional group, by means of the said functional 
group. 

The core molecule is not criticai to this aspect of the invention and is only limited by its 
reactivity with the metal cart^ene compound of interest or, when a spacer molecule is present in the 
dendrimeric material, with the said spacer molecule. For instance, the core molecule may be 
15 suitably selected from the group consisting of: 

- aryl, polyaryl, heteropolyaryi, allcyl, cycloalkyl and heterocycloalkyi radicals, and 

- groups having the formula A(R2o)nX3Ki. wherein R20 is a radical selected from the group 
consisting of alkylene, arylene, heteroarylene and C^^ cycloalkylene, the said radical 
being optionally substituted with one or more R24 subsfrtuents each independently selected 

20 from the group consisting of C1.20 alkyl, C2.20 alkenyl, C2-20 alkynyl, Cv2o carboxylate. Cvao 

alkoxy, C2-20 alkenyloxy, C2-20 alkynyloxy, C2.20 alkoxycarbonyl, C1.20 alkylsulfbnyl. C1.20 
alkynylsuHinyl, Ci^o alkylthio, aryloxy and aryl; A is an element of group IIIA of the Periodic 
Classification of Elements (preferably boron or aluminum) or nitrogen; or the fonnula 
G'(R2o)nX4^„ wherein G is an element of group IVA of the said Classification (preferably 

25 cartDon, silicon or tin); or the fbnmula J(R2o)nX&fl, wherein J is an element of group VA other 

than nitrogen (i.e. preferably phosphorus, arsenic or antimony); or else the fonnula 
E(R2o)nX2^» wherein E is an element from group VIA (preferably oxygen or sulfur), wherein 
in each of the said fonnulae X is hydrogen or halogen, and 

- organic and inorganic transition metal compounds of any metal of groups IIB. IIIB, IVB. VB, 
30 VIB, VIIB and VIIIB of the Periodic Classification of Elements, e.g. titanium tetrachloride, 

vanadium trichloride, zirconium tetrachloride, C^^ alkyl titanates, vanadates, 2drconates 
and the like. 

\Nhen a spacer molecule is used in building up the dendrimeric material of the invention, the 
said spacer molecule is only limited by its reactivity with both the core the molecule and the metal 
35 carbene compound. For instance it may have the general fomnula R2o-(CH2)-D wherein R20, n and 
D are as previously defined with respect to the derivative suitable for covalent bonding to a canier. 

The dendrimeric material of this invention may be produced by reacting a core molecule (such 
as defined hereinbefore) with two or more five- or four-coordinate metal complexes such as 
disclosed hereinabove, using methods standard in the art 
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The dendrimeric material of this invention may thus be used as a catalyst for transforming a 

first olefin into at least one second olefin or into a linear olefin oligomer or polymer, the said catalyst 

being suitable for removal from the reaction mixture by ultra-filtration. 

■I 

The present invention further provides a one-step method for the synthesis of a 1-hetero-2.4- 
5 cyclopentadlene compound from a heterodiallyl compound. In one specific embodiment of this 
method, said heterodiallyl compound Is contacted wilh a bimetallic complex wherein one metal is 
penta-coordinated with a carbene iigand, a multidentate ligand and one or more other ligands and 
the other metal is tetra-coordinated v\nth one or more neutral ligands and one or more anionic 
ligands. Unexpectedly this method provides not only the ring-closure metathesis into a 
10 dihydropyrrole compound (respectively a dihydrofurane or dihydrothiophene compound, depending 
upon the starting heterodiallyl compound) but also isomerisation and dehydrogenation of the latter 
into a 1-hetero-2,4-cyclopentadiene compound. The bimetallic complex which may be used is for 
instance as shown in the general fonnulae (IVA) and (IVB) refen-ed to in figure 3, wherein M, Z, R', 
R". R"\ R3 and R4 are as previously defined with respect to formulae (lA) and (IB), is a metal as 
15 defined above with respect to M (M and M' may be the same or different), Xi . X2 and X3 are 
anionic ligands as defined above with respect to R2 and L Is a neutral electron donor as defined 
above with respect to Rie- 

1-hetero-2,4-cydopentadiene compounds which may be produced in one step according to this 
method are selected from the group consisting of pyrrole, furan, thiophene and derivatives. The 
20 presence of a substituent on the heteroatom, when the latter is nitrogen, does not prevent the 
unexpected reaction to take place. In particular certain new pyrrole derivatives, such as dialkyi 1H- 
pynt)le-1-yl metiiyl phosphonate wherein the alkyl group has from 1 to 4 carbon atoms, may be 
produced in such a way fiom novel dialkyi diallylaminomethyl phosphonates wherein the alkyl 
group has from 1 to 4 carbon atoms, as illustrated by the following examples. 
25 More broadly, tills invention relates to novel 1-hetero-2,4-cyclopentadiene compounds 
obtainable by tiie above method. 

The present invention will now be further explained by reference to the following set of 
examples which should be understood as merely illustrating various embodiments of ttie invention 
witiiout limiting the scope thereof. 
30 in tine first place a general procedure for preparing aithenium compounds having tiie general 
fonmula (lA) acconjing to the present Invention wherein y = 2 will be explained by reference to 
figure 1. First, a SchHf base ligand having tiie formula (I) - not to be confused wrth fbnmulae (lA) 
and (IB) above - Is prepared and purified using methods well known in tiie ari. by condensing an 
aldehyde having the general fonnula: 
35 R"'C(OH)^C(R")CHO. 

preferably a salicyialdehyde, with a primary amine having the fonnula H2NR' at reflux temperature 
in an organic solvent (e.g. tetrahydrofutan). After cooling, the viscous yellow oily condensation 
product is purified by silica gel chre)matography, tiius yielding the desired salicylaldimine ligand of 
formula (i). In a second step, tiie Schrff base substituted mthenium complex having the fonnula (11) 
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- not to be confused with fonmulae (IIA) and (IIB) above - is prepared and purified, using methods 
well known in the art, by adding an organic solution of a metal alkoxide, preferably thallium 
ettioxide, to an organic solution of the ligand of fonmula (I), then filtering the resulting solid under an 
inert atmosphere to quantitatively yield the respective tiiallium salt. An organic solution of tiie said 

5 salt was then reacted at room temperature witii an organic solution of [RuCl2(p-cumene)]2. After 
filtering the thallium chloride by-product and evaporating the solvent, the residue was crystallized, 
washed and dried, thus resulting in tine Schiff base ruthenium complex having ttie fonnula (II) 
appearing as a red-brovimish solid. 

Before performing tiie third step, an organic solution of tiie tert-butoxylated compound having 

10 the fomnula (111) - not to be confused with fonnulae (IIA) and (IIB) above wherein " mes Vis an 
abbreviation standing for 2,4,6-tiimetiiylphenyl, is prepared by adding an organic solution of 
potassium tert-butoxide to an organic solution of 1 ,3-bis(2.4,6-tiimethylphenyI)-4,5- 
dihydroimidazolium tetrafluoroborate at room temperature, and then filtering off the potassium 
tetrafluoroborate by-product under inert atmosphere. A mixture of an organic solution of ttie 

15 complex of the fonnula (II) and an organic solution of tine tert-butoxylated compound having tiie 
fonnula (111) was heated at 70-80°C for one hour. After evaporating tine solvent, the solid residue 
was washed, recrystallized and dried under vacuum, thus resulting In tiie pure SdiifT base 
substituted rutfienium complex having the formula (IV) as a brown microcrystalline solid. A pure 
Schiff base substituted allenylidene complex having tiie formula (V) is obtained as a dark brownish 

20 microcrystalline solid in a fourth step by adding an organic solution of the complex having tiie 
^ fonnula (IV) to an organic solution of diphenyl propargyl alcohol, stining the mixture for 17 hours at 
room temperature, evaporating the solvent in vacuo, and then recrystallizing the remaining solid 
residue. 

Following an alternative syntiietic route, a Schiff base substituted indenylidene complex having 
25 the fomfiula (VI) is obtained as a red-brownish microcrystalline solid by adding an organic solution 
of a njthenium complex having the formula (II) to an organic solutiori of diphenyl propargyl 
alcohol, stining the mixture for 17 hours at room temperature, evaporating tiie solvent in vacuo, 
and tiien recrystallizing tiie remaining solid residue. Then a Schiff base substituted nithenium 
complex having the formula (VII) is prepared by first adding an organic solution of tiie tert- 
30 butoxylated compound having the fonnula (III) to an organic solution of ttie Schiff base substituted 
Indenylidene complex having tiie fonnula (VI) and stining tiie mixture for one hour at 70-80 '^C. 
After evaporating the solvent, the solid residue was washed, recrystallized and subsequentiy dried 
under vacuum, thus resulting in the pure compound of tiie formula (VII) as a red-brownish 
microcrystalline solid. 

35 Secondly, a general procedure for preparing rutiienium compounds having tiie general fonnula 
(IC) according to tiie present invention wherein y = 2 will be explained by reference to figure 2. 
First, a Schiff base ligand having tiie fonnula (I) and its thallium salt are prepared as above. 
Separately, a dichlorodicyclohexylphosphino vinylidene rutiienium complex is prepared by reacting 
[RuCl2(p-cumene)]2 in a solvent witti botii dicyclohexylphosphine and a substituted acetylene at 
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70*C. Then, a solution of the resulting daric-brown microcrystalline soiid Is in turn reacted with the 
Schiff base thallium salt prepared above. 

Although the various synthetic routes shown in the appended figures 1 and 2 have been 
described herein vwth respect to ruthenium complexes, the skilled person will be able to produce 
5 the corresponding complexes from other transition metals, such as osmium, iron, molybdenum, 
tungsten, titanium, rhenium, copper, chromium, manganese, rhodium, vanadium, zinc, gold, silver, 
nickel and cobalt, vMe making use of the above teaching and starting from the relevant metal 
complexes con^sponding to [RuCl2(p-cumene)]2 and analogues tiiereof. 

10 EXAMPLE 1 - DreoaratSon of the Schfff base lioands of fb miuiae fLa^ to 

Schiff base ligands having the fomiulae (l.a) to (Lf), wherein R and R' have the meanings 
indicated at the bottom of the appended figure and wherein Me stands for methyl while iPr stands 
for isopropyl, were prepared and purified as follows. Condensation of a salicylaldehyde with a 
primary aliphatic amine (i.e. R' being an aliphatic or cydoaliphatic radical) was carried out with 
15 stining in tetrahydrofuran (hereinafter referred as THF) at reflux temperature for 2 hours. After 
cooling to room temperature, the viscous yellow oily condensation product was purified by silica gel 
chromatography and the desired sallcylaldimlne ligands - having formulae (l.a) and (l.b) - were 
obtained in yields of 95% and 93% respecBvely. Condensation of a salicylaldehyde v«th an 
aromatic primary amine was similariy earned out with stining in ethanol at 80**C for 2 hours. Upon 
20 cooling to O'^C, a yellow solid precipitated from the reaction mixture. This solid was filtered, washed 
with cold ethanol and then dried in vacuo to afford the desired sallcylaldimlne ligands - having 
fomiulae (l.c) to (l.f) - in yields ranging from 90% to 93%. These ligands can be stored for months 
in a desiccator vwthout suffering from physico-chemical alteration. 

Compound (l.a-d) were characterized by means of proton nuclear magnetic resonance 
25 (hereinafter refen^ as NMR) spectophotometry (peribrmed on CDCI3 at 25X) and infrared 
spectrophotometry (IR), the results of such analysts being as follows: 

Compound (La): a yellow liquid; ^H-NMR {CDCI3) 6 12.96 (s. 1H). 8.75 (s, 1H), 7.50 (d, 1H), 
7.15 (d, 1H). 7.27 (t. 1H). 6J8 (t, 1H) and 3.30 (d. 3H); ^^C-NMR (CDCI3) 5 166.4. 161.7, 137.0, 
133.8. 120.8, 119.9. 118.4 and 45.9; IR (cm"'') 3325 (vqh. br), 3061 (vch. w), 2976 (vhc«n. w), 2845- 
30 2910 (vch3. br), 1623 (vc=n. s), 1573 (vc=c(Ph). w). 1525 (vc=c(Ph), w), 1497 (voc(Ph). w), 1465 
(voc(Ph>, w) and 11 25 (vco. br). 

Compound (l.b): a yellow liquid; ^H-NMR (CDCI3) 5 13.18 (s, 1H), 8.98 (s. 1H). 8.10 (d. 1H), 
8.03 (d. 1H), 7.67 (d, 1H) and 3.41 (d, 3H); ^^C-NMR (CDCI3) 5 168.2. 164.3, 143.4. 137.9, 134.7, 
• 123.1, 120.8 and 49.4; IR (cm'^) 3329 (vqh. br), 3067 (vch, w). 2986 (vhc>n, w). 2840-2912 (vchs. 
35 br), 1618 (vc=w. s), 1570 (vno2. s), 1546 (voc(Ph). w). 1524 (voc(Ph). w). 1492 (vc=c(Ph), w). 1465 
(vc=c(Ph). w), 1329 (vno2. s) and 1 133 (vco, br). 

Compound (l.c): a yellow solid; ^H-NMR (CDCI3) 5 12.85 (s, 1H); 8.32 (s, 1H), 7.45 (d, J = 7.0 
Hz. 1 H), 7.30 (t. J = 7.1 Hz. 1H). 7.03 (5. 2H). 6.99 (t, J = 7.3 Hz, 1 H), 6.84 (d, J = 6.9 Hz, 1 H) and 
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2.21 {s, 6H); '^C-NMR (CDCI3) 5 164.0. 160.9, 138.0. 132.4. 130.1. 129.8. 127,6. 127.1. 117.6. 
117.3. 116.4 and 18.2; IR (cm"^) 3342 {vqh. br), 3065 (vch, w). 3031 (vch, w). 2850-2925 (vchs. br), 
1620 (vc=N, s). 1569 (vc=c(Ph), w), 1523 (voqph). w),-1491(vc=c(Ph). w). 1467 {vc^cfph). w) and 1093 
(vco. br). 

5 Compound (l.d): a yellow solid; ^H-NMR {CDCI3) 5 13.93 (s. 1H). 8.43 (s. 1H). 8.33 (d, J = 3 
Hz, 1H), 8.29 (d. J = 9 Hz. 1 H), 7.26 {s. 2H). 7.12 {d. J = 9 Hz. 1H) and 2.18 (s. 6H); ^'C-NMR 
(CDCl3)5 166.2. 165.3. 145.5. 139.9, 1312. 130.2. 128.7. 128.5. 118.5. 118.0. 117.4 and 18.1; IR 
(cm'^) 3337 (vqh, br), 3068 (vch, w), 3036 (vch. w), 2848-2922 (vchs, br), 1626 {vc=n, s), 1567(vno2. 
s), 1548 {voc(Ph), w). 1527 (vo=c{ph). w). 1494 (vc=c(Ph). w). 1467 (vc=c(Ph). w). 1334 (vno2. s) and 

10 1096(vco. br). 

EXAMPLE 2 - preparation of Schiff base substituted oithenium compiexes of formulae (ILa^ to (ILO 
Schiff base substituted ruthenium cxDmplexes basing fomnulae (ll.a) to (II.O as shown in the 
appended figure were prepared in two steps and purified as follows. In a first step, to a solution in 

15 THF (1 0 ml) of the appropriate Schiff base of fomnula (l.a) to (l.f) prepared according to example 1 . 
a solution of thallium ethoxide in THF (5 ml) was added dropwise at room temperature. 
Immediately after addition, a pale yellow solid fomned and the reaction mixture was stin^d for 2 
hours at 20''C. Filtration of the solid under an argon atmosphere provided the respective 
salicylaldimine tiiallium salt in quantitative yield. \Nh\ch was immediately used in the next step 

20 witiiout further purification. 

To a solution of tiie said salicylaldimine thallium salt in THF (5 ml) was added a solution of 
[RuCl2(p-cymene)l2 in THF (5 ml), then tiie reaction mbcture was stinred at room temperature (20'*C) 
for 6 hours. The thallium chloride by-product was removed via filtration. After evaporation of tiie 
solvent the residue was dissolved in a minimal amount of toluene and cooled to 0"C. The crystals 

25 obtained were tt^en washed witii cold toluene (3 x 10^ ml) and dried, resulting in the Schiff base 
mttienium complexes of formulae (ll.a) to (ll.f) as red-brownish solids. 

EXAMPLE 3 - preparation of Schiff base substituted mthenium compiexes of formulae (N.a) to 

30 After adding 1 equivalent of a potassium tert-butoxide solution in THF (5 ml) to a solution of 

1,3-bis(2,4,6-trimethylphenyl)-4,5-<llhydroimldazolium tetra-fluoroborate in THF (10 ml), and stirring 
tiie reaction mixture for 5 minutes at room temperature (20*C), the potassium tetrafluoroborate by- 
product was filtered off under inert atinosphere and ttie t-butoxylated compound having fomnula (III) 
appeared in quantitative yield. After evaporation of tiie solvent, compound (111) was dissolved in 

35 toluene (1 0 ml) and immediately used in tiie next step wittiout further purification. After addition of 1 
equivalent of a solution of ttie appropriate Schiff base substituted rutiienium complex having one of 
fomiulae (ll.a) to (ll.f), prepared accortling to example 2, in toluene (10 ml), heating the reaction 
mbdure at 70-80 '^C was effected for one hour under vigorous stirring. After evaporation of ttie 
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solvent, the solid residue was washed with hexane (3 x 10 ml) and recrystallized from a 
toiuene/pentane mixture at O'C. Subsequent drying under vacuum resulted in the fonrnation of the 
pure Schiff base substituted ruthenium complexes of fonnulae (IV.a) to (iV.f) as brownish 
microcrystalline solids in yields ranging between 90% and 95%. 

5 

EXAMPLE 4 - preparation of Schiff base substituted ruthenium complexes of formulae (\f.a) to A/.fi 
Schiff base substituted allenylidene compounds having the fomnulae (V.a) to (V.f) were 
obtained by adding a solution of the appropriate Schiff base substituted aiOienium complex having 
one of fonmulae (IV.a) to (IV.f), prepared according to example 3, in toluene (15 ml) to 1.2 
10 equivalents of a solution of the commerdally available diphenyt propargyl alcohol in toluene (5 ml), 
and then stirring the reaction mbcture for 17 hours at room temperature (20'*C). Toluene was 
evaporated in vacuo and the remaining solid residue was recrystallized from a 
dichloromethane/hexane mbcture and washed v^th hexane (3 x 10 ml) to provide the desired 
compounds as dark brown microcrystalline solids in yields ranging between 80% and 90%. 

15 

EXAf^PLE 5 * preparation of Schiff base substituted ruthenium complexes of formulae fVl.a) to 

Schiff base substituted indenylidene complexes of fomnulae (VLa) to (Vl.f) were obtained 
by adding a solution of the appropriate Schiff base substituted ruthenium complex having one of 

20 formulae (ll.a) to (ll.f), prepared according to example 2, in toluene (15 ml) to 1.2 equivalents of a 
solution of ttie commercially available diphenyl propargyl alcohol in toluene (5 mi), and then stlmng 
the reaction mixture for 17 hours at room temperature (20°C). Toluene was evaporated in vacuo 
and the remaining solid residue was recrystallized from a dichloromethane/hexane mixture and 
washed witin hexane (3 x 10 ml) to provide \he desired compounds as red-brownish 

25 microcrystalline solids in yields higher tiian 70%. 

EXAMPLE 6 - preoara tion of Schiff base substituted rutiienium complexes of fomnulae fVll.a^ to 
{VILO 

To a solution of tine appnDpriate Schiff base substituted rutiienium complex having one of 
30 fonnulae (Vl.a) to (Vl.f), prepared according to example 5. in toluene (10 ml) was added 1 
equivalent of a solution of ttie t-butoxylated compound having fomiula (III), as prepared in example 
3, in toluene (10 ml). Vigorous stirring of the reaction mixture was then effected for one hour at 70- 
80*C. After evaporation of t\e solvent, the solid residue was washed with hexane (3x10 ml) and 
recrystallized from a dichloromethane/hexane mbcture. Subsequent drying under vacuum resulted 
35 in the formation of the pure compounds of fonnulae (Vjl.a) to (Vll.f) as red-brownish 
microcrystalline solids In quantitative yield. 
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EXAMPLE 7 - ring opening metath esis polymerisation 

Ring opening metathesis polymerisation of various cyclic olefins was perfbrnied in 1 ml 
toluene as a solvent, while using 0.005 mmole of the Schiff base substituted allenylidene 
compound having the fomnula (V.a) prepared In example 4 as the catalyst The following table 1 
5 indicates the name of the olefin monomer, molar ratio otefin/catalyst, polymerisation temperature T 
(expressed in ""C) and polymerisation time t (expressed in minutes) and also provides tiie 
polymerisation yield at time t (expressed in %). 



Monomer 


Ratio 


•pc 


t 


yield 


no[t>omene 


2,000 


20 


2 


100 


birtylnorbomene 


2,000 


20 


2 


100 


he}^nort>omene 


2,000 


20 


2 


100 


decylnorbomene 


2,000 


20 


2 


100 


ethylidenenorbomene 


2.000 


80 


60 


100 


Phenylnorbomene 


2,000 


80 


60 


100 


cyclohexenylnorbomene 


2,000 


80 


60 


100 


ethyltetracyclododecene 


2.000 


80 


60 


100 


chiorometiiylnorbomene 


2,000 


80 


60 


100 


triethoxysilylnorbomene 


2,000 


80 


60 


100 


Tetrahydrolndenylnorbomene 


2.000 


80 


60 


100 


cyanonorbomene 


800 


80 


240 


100 


hydroxymethylnorbomene 


800 


80 


240 


100 


vinylnorbomene 


800 


80 


120 


100 


cydopentene 


800 


20 


3 


100 


cydooctene 


80,000 


80 


240 


100 


cydooctene 


80,000 


20 


240 


58 


cydooctene 


80,000 


4 


1.440 


31 


cydooctene 


300,000 


80 


240 


92 


cydooctene 


300,000 


20 


240 


36 


3,4-epoxycydooctene 


800 


80 


120 


100 


5,6-epoxycydooctene 


800 


80 


120 


34 


Polyethyleneglycolnorbomene 


800 


80 


120 


92 



10 p yAMPLE 8 - ring closing metathesis reaction 

The ring dosing metathesis reaction of various dienes was perfbmned in 1 ml deuterated 
benzene as a solvent (except for diallylamine hydrochloride, for which ttie solvent used was 
deuterated methanol), while using: 
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- 0.005 mmole of the Schitf base substituted allenylidene compound having the formula 
(V.a) prepared in example 4 as the catalyst, and 

- a molar ratio diene/catalyst equal to 100. 

The following table 2 indicates the name of the diene involved, the reaction temperature T 
5 (expressed in °C), the reaction time t (expressed in minutes) and also provides the reaction yield at 
time t (expressed in %) and the name of tiie resulting product 



Table 2 



Diene 


1 L/ 


4- 
1 




1,7-octadiene 


20 


60 


100%hexene-1 


Di<aift\/lrl ialtx/l mf) Inn 
wicu lyiuiciiiyiiiiciiiiJi iciiw 


20 


60 


1 00% 4,4-dicarbethoxy- 

cyclopentene 


diallylether 


20 


60 


100% 3,4-dihydnDfurane 


diallylphtalate 


65 


240 


96% 1 ,2-benzene dicarboxylic 
add cyclobut-2-ene ester 


linalool 


65 


240 


91 % 44iydroxy-4-metiiylcyclo- 
pentene 


Diallylamine hydrochloride 


20 


240 


84% 3.4-dihydropyrrole hydro- 
chloride 


4,4-dicarbetiioxy-2-methyl 
-1,6-heptadiene 


20 


360 


81% 4,4-dicarbethoxy-mettiyl- 
cyclopentene 


4,4-dicarbethoxy-2,6- 
dimettiyM ,6-heptadiene 


20 


360 


72% 4,4-dicarbethoxy-1 ,2- 
dimethyl cyclopentene 



10 EXAMPLE 9 - atom transfer radical polvmerisation 

The atom ti^nsfer radical polymerisation of various olefins was performed in 1 ml toluene 
during 8 hours at the temperature (expressed in 'C) Indicated below and while using: 

- as a catalyst, 0.01 16 mmole of the Schiff base substituted allenylidene ruthenium complex 
having the formula (V.a) as prepared in example 4, 

15 - as an Initiator. ethyl-2-methyl-2-bromoproplonatB (when the monomer is a methacrylate). 

methyl-2-bromopropionate (when the monomer is an acrylate), 1-bromocyanoethane 
(when the monomer is acrylonltrile) or (l-bromoethyl)benzene (when the monomer is 
styrene). and 

- a molar ratio [catalystj/pnitiatorl/lmonomer] equal to 1 :2:800. 

20 The following table 3 indicates the name of the olefin Involved, the polymerisation temperature and 
the polymerisation yield (expressed in %). 
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Table 3 



Olefin 


Yield 


Temperature 


methylmethacryiate 


97 


85 


isobutylmethacrylate 


35 


85 


methylaciylate 


84 


85 


butylacrylate 


62 


85 


acrylonitrile 


26 


65 


slyrene 


98 


110 



EXAMPLE 10 - atom transfer radical poiymerisation in water 

The atom transfer radical polymerisation of various olefins was perfonned in water as a 
5 solvent, while using: 

- as a catalyst, 0.0116 mmole of the Schiff base substituted allenylidene compound having 
the fonnula (V.a) prepared in example 4, which has been treated with 1 equivalent of silver 
tetrafluoroborate (more specifically, the above amount of compound (V.a) was added to 1 
ml toluene and 56 pi of a 0.2 M AgBF4 solution in toluene, then stirred during 20 minutes 

10 until a turbidity of AgCI is detected, thus resulting in a cationic ruthenium complex wherein 

the chloride ligand was abstracted and replaced by toluene), and 

- the same initiators as already mentioned in example 9. and 

- a [catalyst]/rinitiator]/[monomerl molar ratio equal to 1 :2:800, 

at the temperature Indicated in the table below and during 8 hours. The catalyst and the initiator are 
15 dissolved in toluene, the volume ratio toluenewater being 1:1. The following table 4 indicates the 
name of the olefin involved, the polymerisation temperature and the polymerisation yield 
(expressed in %). 



Table 4 



Olefin 


Yield 


Temperature 


methylmethacryiate 


73 


85 


isobutylmethacrylate 


17 


85 


methylacrylate 


70 


85 


butylacrylate 


34 


85 


acryfonltrile 


16 


65 


styrene 


76 


85 



20 EXAMPLE 11 - atom transfer radical fco)polvmerisation of vinyl monomers 

The atom transfer radical polymerisation and copolymerisation of various vinyl monomers 
was performed while using: 

- the same initiators as already used in example 9, and 
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as a catalyst, a ruthenium carbene cx)mplex (A.a) to (A.f). being a compound previously 
disclosed as an olefin metaftesis catalyst by Chang et al. in Organometallics (1998) 
17:3460 and having one of the fonnulae: 

R 



Ru=CHPh 



a.R=H, 


R 


= Me 


b.R=N02, 


R 


= Me 


c.R = H, 


R' 


= 2,6-Me-4-BrC6H2 


d.R = N02, 


R' 


= 2,6-Me-4-BrCgH2 


e.R = H, 


R' 


= 2,6-iPrC6Hj 


f R = N02, 


R' 


= 2,6-iPrC6H3 



10 



15 



20 



wherein Cy stands for cyclohexyl, Ph stands for phenyl, Me stands for methyl and iPr stands for 
isopropyl. 

A typical procedure for this purpose is as follows: polymerisation was carried out under 
argon atmosphere In a sealed glass vial. 0.0117 mmole of the catalyst was placed in a glass tube 
(in which the air was expelled by three vacuum-nltnDgen cycles) containing a magnet bar and 
capped by a three-way stopcock. Then the monomer and initiator were added so that the molar 
ratios [catalysq/Onitiator]/[monomer] were 1/2/800. Ail liquids were handled under argon with dried 
syringes. The reaction mixture was then heated for 17 hours at a reaction temperature of 85**C (for 
(meth)acrylates) or 1 10**C (for styrene). After cooling, it was dfluted in THF and poured in 50 ml n- 
heptane (for (meth)acrylates) or 50 ml methanol (for styrene) under vigorous stirring. The 
precipitated polymer was then filtered and dried in vacuum overnight 

Table 5 below indicates the polymerisation yield as a function of tiie monomer and tiie 
catalytic ruthenium complex being used. 

Table 5 



Monomer 


A.a 


A.b 


A.C 


A.d 


A.e 


A.f 


methyl methacrylate 


5 


5 


11 


28 


7 


10 


isobutyl methacrylate 


5 


5 


9 


19 


5 


7 


methyl aciylate 


5 


5 


12 


26 


8 


9 


butyl acrylate 


5 


5 


9 


16 


5 


7 


styrene 


10 


16 


74 


88 


56 


65 



Table 6 indicates tiie weight average mo ecular weight Mw, tiie number average molecular 
weight Mn and the polydispersity index (PDI) of homopoiymers fonmed with a nithenium cart:)ene 
complex (A.c) to (A.f) from methyl acrylate (first figure), styrene (second figure) or methyl 
methacrylate (third figure) respectively. 
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Catalyst 


M„{x 10^) 


Mw{x10^) 


EDI 


A.C 


5.7 / 38 / 6.3 


7.5/63/7.9 


1.31 /1.65/1.25 


A.cl 


9.5/41/13 


12.2/59/15.9 


1.28/1.44/1.22 


A.e 


4.5/29/4.8 


6.8/51/7.5 


1.52/1.75/1.56 


A.f 


5.3/32/6.6 


7.8/55/9.9 


1.48/1.71/1.51 



5 EXAMPLE 12 atom transf er radical fcobolvmerisation of vinvl monomers in the presgpcg of g 
natlnnin nithenium complex 

The atom transfer radical polymerisation and copolymerisation of various vinyl monomers 
was performed in a solvent S while using: 

the same initiator as already used in example 9, and 
10 - as a catalyst, a cationic mthenium carbene complex (B.a) to (B.f), being obtained 
according to the scheme shown in figure 1 1 by treating the ruthenium cari^ene complex of 
example 11, having the appropriate formula (A.a) to (A.f), with a salt in the presence of a 
solvent S according to the following scheme, wherein Tos is an abbreviation for tosylate (p- 
toluenesulfonate) and Tf is an abbreviation fbrtrlflate (trifluoromethanesulfbnate): 
15 When toluene was used as a solvent, the monomer, the initiator and the catalyst were 
dissolved in a small amount of toluene so that the monomer/toluene ratio was 1/1 (volume/volume). 
For suspension polymerization in water/toluene mixtures, the monomer, initiator and catalyst were 
dissolved in a small amount of toluene, and distilled water was added to the organic solution so 
that the monomer/toluene ratio was 1/3.5 (volume/volume) and the water/organic phase ratio was 
20 1/1 (volume/volume). No dispersant or surfactant (particle stabilizer) was added to the 
polymerisation medium. 

In order to assess tiie influence of tiie counter-ion on the catalytic activity, three different 
salts (silver teti:afluoroborate, silver tosylate and trimethylsilyltriflate) were used to abstract a 
chloride from the complexes (A.a) to (A.f). 
25 Table 7 below indicates polymerisation yields, as a function of the monomer, solvent and 

cationic catalytic mthenium complex being used, of metiiyl acrylate (first figure), styrene (second 
figure) or metiiyi metiiacrylate (tiiird figure) respectively. 

30 
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Table 7 



Methyl acrylate / Styrene / Methyl methacrylate 



water 


toluene 


Catalyst 


AgBF4 


AgOTos 


MeaSiOTf 


AgBF4 


AgOTos 


MeaSIOTf 


B.a 


6/16/5 


5/8/5 


5/5/5 


11/22/8 


8/15/5 


5/9/5 


B.b 


6/17/5 


5/11/5 


5/8/5 


14726/11 


12/21/7 


8/14/5 


B.c 


64/85/61 


51/69/43 


21/53/14 


78/95/71 


64/86/59 


36/72 /32 


B.d 


68/91/67 


62/84/55 


36/69/32 


81/98/77 


71/92/68 


51/87/48 


B.e 


11/49/7 


9/40/5 


5/36/5 


16/66/12 


16/61 /II 


11/57/8 


B.f 


13/53 /II 


13/46/8 


5/41/5 


21/74/18 


16/70/13 


11/67/9 



Table 8 below indicates the weight average molecular weight Mw, number average 
molecular weight Mn and polydispersity index (PDI) of homopolymers fonned with a cationic 
ruthenium carbene complex (B.b) from methyl acrylate (first figure), styrene (second figure) or 
methyl methacrylate (third figure) respectively. ^ 



Methvi acrylate / Stvrene / Methvi methacrylate 







water 




toluene 


AgBF4 


AgOTos 


Me,SiOTf 


AgBF^ 


AgOTos 


Me^iOTf 


Mn(10^) 


29 / 46 / 33 


27/41 /26 


16.5/36 /18 


42/56/46 


39 / 54 / 43 


28/61/32 




40/68 / 44 


41 /64/38 


27/59 / 28 


70 / 96 / 67 


"67 / 98 / 66 


50/113/52 


PDI 


1.37/1.48/ 


1.52/1.56/ 


1.64/1.65/ 


1.66/1.71 / 


1.73/1.81/ 


1.77/1.86/ 




1.34 


1.45 


1.58 


1.46 


1.54 


. 1.64 



EXAMPLE ia - atom transfer radical addition of vinyl olefins 

The atom transfer radical addition of carbon tetrachloride onto various vinyl olefins was 
performed in an organic solvent, while using the Schiff base substituted allenylidene compound 
having the formula (V.a), as prepared in example 4. as the catalyst The said catalyst (0.03 mmole) 
was dissolved in toluene (1 ml) and subsequently added through a septum to the solution of the 
vinyl monomer (9 mmoles) and carbon tetradiloride (13 mmoles) in toluene (3 ml). The reaction 
mixture was then heated at 65*C for 17 hours. The following table 9 indicates the name of the vinyl 
monomer tested and the yield (expressed in %) of the resulting chlorinated saturated addition 
product 
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Table 9 



Vinyl olefin 


Yield 


Methyl methaaylate 


76 


Isobutyl methacrylate 


57 


Methyl acrylate 


83 


Butyl acrylate 


61 


acrylonitrile 


55 


styrene 


92 



FXAMPLF 14-^ preparatinn of dlchlo rodirtricvdohexvlDhosDhlneWinviidene ruthenium complexes 
To a suspension of [RuCl2(p-cymene)l2 (306 mg. 0.5 mmole) in toluene (17 ml) were added 
5 respectively tricydohexylphosphine (0.617 g, 2.2 mmole) and phenylacetylene CeHgC^CH (0.102 
g, 1 mmole). The mixture was slowly hieated to 70°C and stirred for 24 hours. The mixture was 
concentrated to about 4 ml by pumping the volatile materials. Addition of 10 ml acetone and cooling 
to -78'C led to the precipitation of a dari< brown microcrystalline solid which was filtered off and 
vacuum dried. This solid, obtained with a yield of 85%, was characterized as being 
10 Cl2Ru{=C=CHC6H5}(PCy3)2 by means of proton NMR spectophotometry (perfomned on CDC\^ at 
30"C) providing the folbwing data: 5 7,16-7.08. 6.97-6.88 (both m. 5 H. phenyl), 4.65 (t. Jph = 3.3 
Hz. 1H), 2.83-2.71, 2.26-2.12. 1.77-1.45, 1.28-1.01 (each m, CeHu). 

A similar procedure was used for preparing Cl2Ru{=C=CHte/C4H8KP{cyclohexyl)3)2, 
however with a molar excess of terbutylacetylene and while keeping the reaction mixture at 40**C 
15 during the first 4 hours. The resulting mlhenlum complex, obtained with a yield of 69%. was 
characterized by means of proton NMR spectophotometry (performed on CDCiaat 30^*0) providing 
the following data: 5 2.81 (t. Jrh = 3.0 Hz. 1H). 2.65-2.51, 2.14-1.99, 1.86-1.53. 1.33-1.12 (each m, 
66H, CeHii) and 1.01 (s, 9H). 

20 EXAMPLE 15 - preoaratinn of Schiffb ase vlnviidene mthenlum complexes 

To a solution of a dichlorodicydohexylphosphine vinylidene ruthenium complex obtained In 
example 14 (3 mmole) in THF (5 ml) was added a solution In THF (10 ml) of a salicylaldlmine 
thallium salt obtained at the end of the first step of example 2. This reaction mixture was stin^d at 
20'C for 4 hours and thallium chloride formed was removed via filtration. The solid residue was 

25 recrystallized from pentane at - 70**C to result in a Schiff base vinylidene ruthenium complex 
having the formula (IC). 

Four different complexes were produced according to this procedure. The complex 
identified as 4a In figure 2, i.e. wherein R is hydrogen and R3 is phenyl, was recovered as a brown 
solid with a yield of 81% and was characterized by means of proton NMR spectophotometry 

30 (performed on CeDe at 25"C) providing the following data: 5 8,20 (d. J = 5.2 Hz, 1H), 7.38 (d, J = 7.0 
Hz. 1H). 7.30 (t. J = 72 Hz. 1H), 7.22-7.14, 6.99-6.94. 6.89-6.79 (each m, 5H). 7.13 (s. 2H). 7.06 (t. 
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J = 7 Hz. 1H), 4.36 (t. J = 4.2 Hz), 2.14 {s. 3H). 1,61-1.31 {m, 20H). 127 (d, J= 6 Hz, 3H) and 1.19 
(m, 10H). 

The complex identified as 4b in figure 2. I.e. wherein R is nitro and R3 is phenyl, was 
5 recovered as a darl< brown solid with a yield of 80% and was characterized by means of proton 
NMR spectophotometry (perfonned on CqDg at 25''C) providing the following data: 5 8.24 (d. J = 2.5 
Hz. 1H). 8.08 (dd, J =9 Hz. 2.4 Hz, 1H), 7.94 (d, J = 5.6 Hz, 1H), 7.56 (t, J=7.5 Hz, 1H). 7.29 (d, J = 
9.8 Hz. 1H), 7.16 (s, 2H), 7.13-7.07 (o-H), 7.02-6.96 (p-H), 6.89-6.80 (m-H) (each m. 5H), 4.25 (t. J 
= 5 Hz), 2.44 {q, J = 11 Hz. 3H), 2.34 (s. 3H). 1.70-1.63 (bs, 20H). 1,54 (d. J = 12 Hz. 3H) and 
10 1.36-1.08 (bs.20H). 

The complex identified as 5a in figure 2, i.e. wherein R is hydrogen and R3 is tert-butyl, was 
recovered as a dark brown solid with a yield of 78% and was characterized by means of proton 
NMR spectophotometry (performed on OsOq at 25^0) providing the following data: 5 8.28 (d, J= 
15 2.7Hz, 1H), 7.42 (d. J = 7.2 Hz, 1H). 7.23 (t, J = 7.0 Hz, 1H),7.06 (m. 3H), 6.74 (d. J = 6.7 Hz. 1H), 
2.83 (t, J= 3 Hz). 1.78-1.50 (m. 23H). 1.26-1.15 (m. 10H) and 1.08 (s, 9H). 

The complex identified as 5b in figure 2. I.e. wherein R is nitro and R3 is tert-butyl. was 
recovered as a brov/n solid with a yield of 70% and was characterized by means of proton NMR 
20 spectophotometry (performed on CeDe at 25X) providing the following data; 5 8.30 (d, J = 2.9 Hz, 
1H). 7.6 (dd, J= 9, 2.3 Hz. 1H), 7.37 (d, J =5 Hz, 1H), 7.13 (s, 2H), 6.99 (d, J = 9.8 Hz, 1H). 3.06 (t, 
J = 4 Hz), 2.50 (q, J =12 Hz. 3H), 2.38 (s, 3H), 1.88-1.75 (bs. 20H). 1.60 (d, J = 12.5 Hz, 3H), 1.34- 
25(m. 10H) and 1.07 (S.9H). 

25 

EXAMPLE 16 ring ooeninp metathesis polymerization of cyclic olefins 

Ring opening metattiesis polymerization of the cyclic olefins identified by a fomnula and a 
reference number from 6 to 17 in the sdieme hereunder was performed according to ttie following 
procedure. 
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11 12 13 14 15 




16 17 



Monomer 6 , i.e. norbomene (7.5 mmole), was dissolved in CH2CI2 (2.0 ml) and admixed in 

5 a vessel with a solution of a SchifF base vinylidene njthenium cximplex prepared according to 
example 15 (7.5 pmole) in CH2CI2 (2 mi). Then the vessel was flushed with argon and kept at a 
constant temperature of 80 °C in an oil bath. After 2 hours the mixture, which became very viscous 
and could not be stirred anymore, was transfemed into a beaker and treated with Ci-faCIa (10 ml) 
containing 2.6-di-fe/f-buty!-4-methyiphenol (0.4 mmole) as an oxidation inhibitor and 

10 ethylvlnylether (4 mmole) as a temiinating agent The resulting solutions were stirred for one hour 
and, after filtration through a s^9ca gel column, predpitated into vigorously stirred methanol. The 
resulting white tacky polymer was filtrated, washed with methanol and dried under vacuum. 

For other cyclic olefins, the experimental procedure was similar but the amount of 
monomer used was changed to 6 mmole (monomers 7 to 16) or 1 .87 mmole (monomer 17). 

15 The following table 10 successively Indicates, after the experiment number (first column), 

the Schrff base vinylidene ruthenium complex used as a catalyst (using the same identification 
number as in example 15), the monomer reference number firom 6 to 17 (followed, between 
brackets, by the molar monomer/catalyst ratio), polymerization temperature, time and yield, 
average number molecular weight Mn and polydispersity hM^n. both determined by gel permeation 

20 chromatography using polystyrene standard. 
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Table 10 



Exp. 


catalyst 


monomer (ratio) 


temp. 
(•C) 


time 
(hours) 


yield (%) 


Mn(XlO ) 




1 


4a 


6(1000) 


80 


0.5 


97 


476 


1.53 


2 


4b 


6(1000) 


80 


0.5 


99 


346 


1 .DU 


3 


4a 


6 (1000) 


20 


10 


100 


368 


1.46 


4 


4b 


6 (1000) 


20 


10 


100 


329 




5 


4a 


7(800) 


80 


2 


89 


102 


2.66 






R = ethyl 












6 


4b 


7 (800) 


80 


2 


100 


89 


2.12 






R = ethyl 












7 


4a 


7 (800) 


80 


2 


100 


443 


2.10 






R = butyl 












8 


4b 


7 (800) 


80 


2 


100 


372 


2.25 






R = butyl 












9 


4a 


7 (800) 


80 


2 


82 


257 


1.85 






R = hexyl 












10 


4b 


7(800) 


80 




84 


230 


1.87 






R = hexyl 












11 


4a 


7 (800) 


80 


2 


83 


543 


2.44 






R = decyl 












12 


4b 


7 (800) 


80 


2 


100 


556 


2.54 






R = decyl 












13 


4a 


7 (800) 


80 


2 


74 


223 


2.01 






R = phenyl 












14 


4b 


7 (800) 


80 


2 


80 


209 


1.98 






R = phenyl 












15 


4a 


7 (800) 


80 


2 


73 


350 


1.93 






R=cydohexenyl 












16 


4b 


7(800) 


85 


2 


77 


397 


2.33 






R=cyclohexenyl 












17 


4a 


8 (800) 


80 


4 


10 


78 


2.75 


18 


4b 


8 (800) 


80 


4 


16 


65 


2.30 
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157 




n-a 






80 


4 


78 


189 


2.4 


on 




AW 






80 


4 


89 


175 


2.31 


21 




4a 




1 I \pVV) 


RO 


4 


71 


503 


2.17 


22 




4d 




1 1 (oUUj - 


ou 


A 


79 


479 


2.08 


23 




4a 




12 (oOO) 


oU 


in 

1 u 


inn 




1.99 


24 




4b 






AO 




100 


379 


2.03 


25 




4a 




4 o /or\r\\ 


ou 


1 u 


i> 

w 






26 




4a 




4 A /Qnn\ 
14 (oUU) 


OU 


lU 




d 




27 




4b 




14 (oOO) 


ou 


in 

lU 




d 




^0 




Aa 






80 


4 


100 


35 


3.21 


29 




4b 




15 (800) 


80 


4 


100 


30 


3.17 


30 




4a 




16 (800) 


80 


10 


100 


d 




31 




4b 




16 (800) 


80 


10 


100 


d 




32 




4a 




17 (250) 


80 


15 


10 


347 


1.71 


33 




4b 




17 (250) 


80 


15 


15 


305 


1.84 


Table 10 (follow) 


Exp. 


catalyst 


monomer (ratio) 


temp. 


time 


yield 


M„(x10') 














rc) 


(h) 


(%) 








34 




5a 


6 (1000) 


80 


0.5 


100 


485 


1.33 




35 




5b 


6 (1000) 


80 


0.5 


100 


372 


1.45 




36 




5a 


6 (1000) 


20 


10 


100 


413 


1.40 




37 




5b 


6 (1000) 


20 


10 


100 


403 


1.48 




38 




5a 


7(800) 
R = ethyl 


80 


2 


100 


149 


2.64 




39 




5b 


7(800) 
R = ethyl 


80 


2 


100- 


196 


1.91 




40 




5a 


7(800) 
R = butyl 


80 


2 


100 


470 


2.30 




41 




5b 


7 (800) 
R = butyl 


80 


2 


100 


312 


2.07 




42 




5a 


7 (800) 
R = hexyl 


80 


2 


95 


227 


1.85 




43 




5b 


7(800) 
R = hexyl 


80 




98 


242 


1.76 




44 




5a 


7 (800) 
R = decyl 


80 


2 


100 


443 


2.09 




46 




5b 


7(800) 


80 


2 


100 


522 


1.80 
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R = decyl 



46 


5a 


7 (800) 


80 


2 


100 


210 


1.86 






R =phenyf 












47 


5b 


7 (800) 


80 


2 


100 


224 


1.78 






R ^phenyl 












48 


5a 


7 (800) 


80 


2 


77 


350 


2.50 






R=cyclohexenyl 












49 


OD 


7 (800) 


80 


2 


82 


378 


2.60 






R=cydohexenyl 












50 


5a 


8 (800) 


80 


4 


34 


89 


2.84 


51 


5b 


8 (800) 


80 


4 


55 


67 


2.56 






Table 10 (follow 












Em. 


Qat^lyst 


MonoTOr{r?itip) 


Temp 


time 


rield 


Mfl^(xlO^) 














m 






52 


5a 


9 (800) 


80 


4 


100 


143 


2.32 


53 


5b 


9 (800) 


80 


4 


100 


128 


2.26 


54 


5b 


10(800) 


80 


10 


8 


89 


1.67 


55 


5a 


11 (800) 


80 


4 


91 


583 


2.07 


56 


5b 


11 (800) 


80 


4 


99 


565 


1.81 


57 


5a 


12 (800) 


80 


10 


100 


398 


2.12 


58 


5b 


12 (800) 


80 


10 


100 


369 


Z10 


59 


5a 


14 (800) 


80 


10 


95 


(J 


• 


60 


5b 


14 (800) 


80 


10 


96 


Q 


- 


61 


5a 


15(800) 


80 


4 


100 


23 


3.41 


62 


5b 


15(800) 


80 


4 


100 


17 


2.87 


63 


5a 


16 (800) 


80 


10 


100 


d 




64 


5b 


16 (800) 


80 


10 


100 


d 




65 


5a 


17 (250) 


80 


15 


80 


335 


1.70 


66 


5b 


17 (250) 


80 


15 


88 


279 


1.83 


67 


5b 


17(250) 


80 


6 


68 







^ molecular weight could not be detemiined because of the insolubility of the polymer. 

EXAt^PLE 17 ring closing metathesis reacfion 

The ring closing metathesis reaction of various dienes was perfomned according to the 
following procedure, in a 10 ml Schlencic tube. 0.095 mmole of a diene. 132 pi (0.095 mmole) 
mesrtylene, and 50 pi of a solution of a Schiff base vinyTidene ruthenium complex prepared 
according to example 15 were added to 1 mi of deuterated benzene and heated with stining to 70 
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or 85'C (as mentioned in table 11 below). Ethylene fomied was removed in vacuo at 10 minutes 
intervals. After 2 hours the solution was cooled to 20"C and poured into an NMR tube. Produd 
yield is detemiined with ^H-NMR analysis by integration of allylic protons. The formation of cyclic 
isomers, oligomers or telomers was ruled out by GC-MS analysis of the reaction mbcture. The 

5 reaction product was identified by purification of the concentrated reaction mixture by flash column 
chromatography over a silica gel column (hexane/ethyl acetate = 6:1 . Rf = 0.3). 

The following table 11 successively indicates for each experiment, after the reaction 
temperature T (expressed in "C. first column), ti^e stmclure of the diene involved, tiie structure of 
tine resulting product , tiie reaction time {expressed in hours) and the reaction yield for each of the 

10 Schlff base vinylidene mtiienlum complex used as a catalyst (using the same identification number 
as in example 15). 

Table 11 

T Diene ° Product Time 4a 4b 5a 5b 
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T Diene Product Time 4a 4b 5a 5b 




FXAMPLE 18 ^ preparation of catalysts wherein a Schiff base containing ruthenium complex is 
anchored to a mesoporous crystalline molecular sieve. 

All reacBons and manipulations were performed under an aipon atmosphere by using 

5 conventional Schlenck-tube techniques. Argon gas was dried by passage through P2O5 (Aldrich 
97%). ^H-NMR spectra (500 MHz) were recorded on a Bmker AM spectrometer. The chemical 
shifts are reported in ppm and TMS is used as reference compound. Solid-state NMR spectra were 
acquired on a Bmker DSX-300 spectrometer operating at 300.18 MHz for ^H-NMR, 75.49 MHz for 
^^C-NMR. 121.51 MHz for ^^-NMR and 59.595 MHz for ^Sl-NMR. The spectra were recorded 

10 under MAS conditions witii a dassical 4mm probe head allowing spinning frequencies up to 12 
kHz. The anchoring of the homogeneous catalyst was confirmed by a Raman spectrometer Bmker 
Equinox 55 wth a FRA 106 module. The loading of the heterogeneous hybrid catalyst was 
determined witti a Varian Liberty ICP^S spectrometer and an ARL 9400 Sequential XRF 
spectrometer. XRD spectra were recorded on a Siemens diffractometer D5000. Elemental analysis 

15 was performed with a Carlo Erba EA 1110 equipment The BET analysis was done on a Gemini 
micrometrics 2360 surface area analyser with Flow prep 060 degasser. The samples were dried 
ovemight at 423* K and cooled to room temperature prior to adsorption. Extra care with tiie 
functionallsed materials was necessary due to tiie possibility of aerial o)ddation, therefore transfer 
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to the balance and outgassing of the system was last Nitrogen isotherms were recorded at 77° K. 
Spedfic surface areas were detennlned from the linear part of the BET plot (P/Po = 0.05-0.3). 

After calcination, the mesoporous crystazliine molecular sieve MCM-41 was characterised 
by XRD, N2 adsorption and Raman spectroscopy. MCM'41 was dried overnight in vacuo at 423° K 

5 to achieve thermodesorption of physically adsoriDed water from the silica surface. 

Two different routes were tested for the synthesis of solid-supported catalysts 5 and 11 
respectively, as illustrated in figure 7. 

In a first embodiment, the Schlff base ruthenium complex 10 shown in figure 7 was made 
by route 2 and characterised as follows: 2 mmol sallcylaldehyde 1 was dissolved in 15 ml THF. 

10 Under stining, 2 mmol 4-bromo-2,6-dimethylaniline 6 was added and the reaction mbcture was 
stirred for 2 hours at reflux temperature. The resulting salicylaldimine product was precipitated 
upon cooling to 0°C and a solid yellow product was formed. The solid was filtered, washed and 
dried in vacuo to afford the desired salicylaldimine ligand 7 in excellent yield (95 %). To a solution 
of the Schiff base ligand 7 (2 mmol) in 15 ml THF was added dropwise a solution of 2 mmol 

15 thallium ethoxide in THF (5 ml) at room temperature. Immediately after tiie addition, a pale yellow 
solid was formed and the reaction mixture was stirred for 2 hours at room temperature. The 
quantitatively fbnmed salt 8 was immediately used in the next step without furtiier purification. To a 
suspension of 2 mmol Mg powder in THF (10 ml), 2 mmol of bromopropyltrimetiioxysllane was 
added dropwise, then the mixture was stioed for 3 hours at room temperature and transferred 

20 quantitatively to tiie salt 8 and stirred for 6 hours at room temperature to afford the spacer-modified * 
Schiff base ligand 9 as a green-yellow solid. 

To the solution of \he ettioxylated tiiallium salt 9 was added a solution of 2 mmol catalyst 
[RuCl2{PCy3)2=CHPh] in 1 0 ml THF. The reaction mixture was stined at room temperature for 4 
hours. After evaporation of the solvent, the residue was dissolved in a minimal amount of benzene 

25 and cooled to 0°C. Thallium chloride was removed yna filtration. The desired complex was then 
washed with cold benzene (10 ml three times) and the filtrate was evaporated. The solid residue 
was recrystainzed firom pentane (- 70°C) to give tiie Schiff base modified complex 10 as a green- 
brown solid, v^ich was characterised as follows: 

- ''H-NMR (CDCI3) 6 (ppm) 19.41 (d, 1H), 8.18 (d, 1H), 7.98 (d. 1H), 7.91 (d. 2H), 6.93 (d. 
30 1H), 7.53 (t, 1H). 7.31 (t, 1H), 7.20 (t, 2H), 7.03 (t, 1H), 7.00 (s. 1H), 6.95 (s. 1H), 3.71 (m, 

6H), 2.44 (q. 3H). 2.29 (s. 3H), 1.77 (d, 3H), 1.69 (t. 2H), 1.17-1.67 (m, 30H), 1.15 (m. 4H), 
1.11 (t,9H); 

- ^V-NMR (CDCI3) 6 (ppm) 58.19; 

- elemental analysis calculated (%) for RuC49H73P04NCISi (935.61): C 63.90. H 7.86. N 
35 1 .50; found: C 62.97, H 7.73, N 1 .53. 

Then 2 mmol of the Schiff base modified complex 10 was then dissolved in 15 ml THF. This 
solution was quantitatively transfened to 3 g MCM-41 that was dried overnight at ISO^'C. After 24 
hours refluxing in THF the heterogeneous catalyst 11 was filtered off under nitrogen atmosphere 
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and rigorously washed with THF and toluene until tfie filtrate was colouriess. Subsequent drying in 
vacuum afforded the heterogeneous catalyst 11 as a green powder. 

In a second embodiment, the Schiff base modified complex 4 was made by route 1 shown • 
in figure 7 and was characterised as follows: 

- ""H-NMR (CDCI3) 5 (ppm) 19.92 (d. 1H), 8.95 (d, 1H), 7.55 (t, 1H), 7.02-7.35 (br m. 7H), 
6.83 (t, 1H). 3.89 (m. 6H). 3.57 (q, 3H). 1.86 (t, 2H). 1.25-1.81 {m. 30H), 1.21 (m, 4H), 1.17 
a 9H); 

- ^^P-^NMR (CDCI3) 5 (ppm) 58.70; 

- elemental analysis calculated (%) for RuC4iH55P04NCISi (831.46): C 59.22. H 7.88, N 
1.68; found: C 58.71, H 8.54. N 1.60. 

Then the heterogeneous catalyst 5 was prepared from the Schiff base modified complex 4 by a 
way similar to catalyst 1 1 . 

Then both heterogeneous catalysts 5 and 11 were further characterised, and their stmcture 
compared to the starting MCM-41 material, by X-ray diffraction, nitrogen adsorption analysis. 
Raman spectroscopy, X-ray fluorescence and solid state NMR analysis. Results were as follows: 

XRD measurements confirmed that the synthesized mesoporous support had f^CM-41 
structure. The calcined I\/ICM-41 exhibits a very strong peak at d spacing of 3.733 nm (100) and 
three weaker peaks at 2.544 nm (110), 2.010 nm (200) and 1.240 nm (210). These four peaks fit a 
hexagonal unit cell with ao = 4,310 nm (with ao = 2dioo/>'3). For the heterogeneous catalyst 5 the 
dioo spacing and ao amount to respectively 3.611 nm and 4.170 nm. For catalyst 11 values of 
respectively 3.714 nm and 4.289 nm are obtained. Since XRD pattems of the heterogeneous 
catalysts were essentially the same as that of the pristine MCM-41. the long-range ordered 
stmcture of the support was confimied to be preserved. 

The data obtained from the N2 adsorption measurements and the XRD analyses are 
summarized hereunder. 



.Catalyst 




Vp(cm^yg)'» 


APD (jnmf 


Wail 
thickness'' 


MCM-41 


1451 


1.032 


2.57 


1.74 


5 


592 


0.6054 


2.40 


1.77 


11 


602 


0.6108 


2.42 


1.79 



^ BET surface area obta ned from the desorptJon branches of the N2 adsorption isothenn (BET 
surface area = Brunauer-Emmett-Tetler surface area). Pore volume obtained from the Banett- 
Joyner-Halenda equation). ''The mesopore diameter was obtained from the PSD curve (PSD curve 
= Pore Size Distribution curve).** Wall thickness = a© - APD (APD = Average Pore Diameter). 



The surface area, pore volume and pore diameters of the catalysts were as expected for 
mesoporous materials. Moreover, porosity measurements of both MCM-41 and the heterogeneous 
catalysts reveal type IV lUPAC adsorplion-desorption isotherms. As shown above, the BET surface 
and the pore volume of the heterogeneous catalysts are decreased by approximately 60% in 
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comparison with MCM-41. All these results indicate that the Internal pores of the MCM-41 are 
occupied by the catalytic complexes and that the accessibility and structure of the mesopores is 
maintained after modification. 

In order to checic the formation of a covalent bond between the tri5(alkoxy)silyl- 

5 functionalized homogeneous complexes (4 and 10 respectively) and the MCM-41 surface, Raman 
spectroscopy was perfonned. Here we will only discuss the anchoring process that leads to the 
heterogeneous catalyst 5. Comparison of the Raman spectra of MGM-41 (figure below, A) and the 
spacer-modified MCM-41 (figure below. B) cleariy shows the superposition of the spacer vibrations 
on the MCM-41 baseline. Comparing the IRaman spectra of MCM-41 and the heterogeneous 

10 catalyst 5 (figure below, D) proves the grafting of the homogeneous species 4. Comparison of the 
Raman spectrum of the spacer modified homogeneous catalyst 4 (figure below, 0) and catalyst 5 
is performed to efiminate any doubt concerning the chemical attachment of the homogeneous 
catalyst We cleariy see that every peak in the spectmm of the homogeneous catalyst 4 is also 
present in the spectmm of the heterogeneous catalyst 5. The small shifts of some peaks in figure, 

15 D compared with C indicate the change in chemical environment of the different functional groups 
originating from the chemical attachment of the catalyst to the carrier. To conclude, we can state 




Wavftnnmher cm-1 
that both the Raman and the BET data confinn the desired covalent anchoring. 



Rgure: Raman spectra of MCM-41 (A). MCM^1 + spacer (B). spacer-modified homogeneous 
20 catalyst 4 (C) and heterogeneous catalytic system 5 (D). 

XRF measurements reveal a loading of 0.1069 mmol Ru complex/g heterogeneous 
catalyst 5 and 0.054 mmol Ru complex/g heterogeneous catalyst 11. 

The structure of the heterogeneous catalysts 5 and 11 was also studied by solid state 
25 NMR. For MCM-41, the proton spectrum only reveals the presence of silanol groups and water. In 
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the ^Si CP MAS NMR spectrum of MChM1. three different peaks at 90 ppm. 100 ppm and 110 
ppm were observed. These values can be attributed to respectively S/(OH)2(OSi)2, a'(0H)(0Si)3 
and S/(OSl)4. The proton spectrum of MCM•4^ + aminopropyltriethoxysilane and of IWCM-41 + 
bromopropyltriethoxysllane only reveals the presence of -CH2 and -CH3 groups. A small signal 
5 anDUnd 0 ppm can be attributed to the S)CH2 of the spacer molecules. However, the ''^C CP MAS 
NMR spectra of these samples reveal some interesting features. For MCM-41 + 
aminopropyltriethoxysilane, two peaks at 50 ppm and 70 ppm can be attributed to respectively a - 
OCHr and a -CH2N- configuration. For MCM-41 + bromopropyltriethoxysllane. two peaks at 50 
ppm and 36 ppm can be attributed to respectively a -OCH2- and a "<:H2Br- configuration. The 
10 signals around 50 ppm, appearing as broad unresolved peaks, indicate that grafting is not 
complete. For MCM-41 + aminopropyttrieftoxysilane, the ^Si CP MAS NMR spectrum reveals 
unambiguously the presence of a (SiO)3Si'C- species at -58,34 ppm, and a (SIO)2(OEt)SrC- 
spedes at -106.98 ppm. For MCM-41 + bromopropyltriethoxysllane, these signals can be found 
respectively at -59,69 ppm and -106.0 ppm. For both samples, the presence of a (SIO)2(OH)Si*C- 
15 signal can be resolved. For MCM-41 + aminopropyltriethoxysilane and MCM-41 + 
bromopropyltriethoxysilane, these signals can be found at respectively -43.26 ppm and -43.98 
ppm. The presence of this Si-OH species is confinnned by the pnDton spectra of the two samples 
showing a small signal at 1 .8 ppm. 

The proton spectrum of the heterogeneous hybrid catalysts only reveals the presence of 
20 aromatic and aliphatic protons as broad unresolved peaks. At respectively 8.96 ppm and 8.18 ppm 
the small peak of the imine-proton for catalysts 5 and 11 can be revealed. The ^^C CP MAS NMR 
spectra of the heterogeneous catalysts reveal the carbon of the -C=N- bond at 166.1 ppm and 
164.2 ppm for complexes 5 and 11, respectively. Again the aromatic and aliphatic carbon atoms 
can be revealed from the spectrum. Around 5.24 ppm, respectively 4.91 ppm there is an 
25 overiapping of the -CH3 and the -SiCH2- peaks for catalyst 5 and 11. The-^Si CP MAS NMR 
spectra of the heterogeneous catalysts also reveal the presence of {SiO)3Si*C- , (SiO)2{OEt)Si*C-' 
and {SiO)2(OH)Si'C- species. The CP-MAS NMR spectra of the heterogeneous catalysts reveal 
the presence of the P(cyclohexyl)3 at 58.73 ppm and 58.23 ppm for heterogeneous catalysts 5 and 
11 respectively. From this we conclude that anchoring of the homogeneous catalysts via the spacer 
30 molecule onto MCM-41 takes place wi^ two or three covalent bonds. 

p; ;^AMPl-E 19 - ring openino metathesis polymerisation with a heterogeneous catalvst. 

Both heterogeneous catalysts 5 and 11 prepared in example 18 were used for performing 
the ring-opening metathesis potymerisation of various olefins in a solvent Cydooctene and 
35 nortjomene derivatives were purchased from Aldrich and distilled from OaHz under nitrogen prior to 
use. Commercial grade solvents were dried and deoxygenated for 24 hours over appropriate drying 
agents under nitrogen atmosphere distilled prior to use. In a typical ROMP experiment, 0.005 mmol 
of tine catalyst suspension in toluene was transferred into a 15 ml vessel followed by the addition of 
ttie monomer solution in toluene/dichtoromethane (2000 equivalents for nori^omene, 200 



wo 03/062253 



PCT/BE03/00008 



55 

equivalents for cyclooctene and 800 equivalents for norbornene derivatives). Reaction mixture was 
kept stirring at 35*C for 6 hours. In order to Inadivate the catalyst, 2.5 ml of ethylvinylether / 2,6-di- 
fe/f-butyl-4-methylphenol (BHT) solution was added and the solution was stirred until complete 
deactivation. The solution was poured into 50 ml methanol (containing 0.1% BHT) and the polymer 
were precipitated and filtered off. The polymer was dissolved In CHCb so that the catalyst can be 
filtered off. CHCI3 was then removed in vacuo from the polymer solution until a high viscosity is 
reached, after which the polymer was precipitated by adding 100 ml methanol. The white polymer 
was then filtered off and dried in vacuum ovemight The number- and weight average molecular 
weights (Mn and Mw) and polydispersity {UJUn) of the polymers were detemnlned by gel 
permeation chromatography {CHCI3. as^'C) using polystyrene standards. The GPC instrument used 
was a Waters Maxima 820 system equipped with a PL gel column. DSC measurements were done 
with a TA instoimente DSC-TGA (SDT 2960) equipment using a thermomechanical analyser (TMA 
2940). Yields [%]of the polymers formed are depicted in Table 12 below. 

Table 12 



toluene 


dichioromethane 


Substrate 


5 


11 


5 


11 


Cyclooctene 


98 


90 


100 


100 


R 




R = H 


78 


65 


86 


76 


R = ethyl 


100 


100 


100 


100 


R = butyl 


100 


100 


100 


100 


R = hexyl 


83 


76 


89 


79 


R = clecyl 


81 


71 


84 


72 


R = ethylidene 


34 


28 


45 


32 


R = phenyl 


70 


61 


77 


64 


R = cydohexenyl 


100 


87 


100 


94 


R = ethylnortwmane 


82 


73 


93 


79 


R = cyano 


17 


5 


68 


53 


R = hydroxymethyl 


21 


8 


74 


66 


R = chloromethyl 


79 


74 


98 


91 


R = trietiioxysilyl 


100 


86 


100 


90 



Furthermore, the data gathered in table 13 cleariy demonstrate that the solvent used is very 
dedsive for the characteristics of the obtained polymers. As the lower polydispersities and higher 
initiator efficiencies indicate, the use of dichioromethane instead of toluene, makes polymerisation 
proceed in a more controlled way and this InBspective of the catalyst used. 



wo 03/062253 



PCT/BE03/00008 



56 



Table 13 



ooiveni 


uatBiyst 


Qtjhstrate 


M„ (x 10^) 


PDI 






Cyclooctene 


AO 


1.65 






R=H 


222 


L73 






R= ethyl 


119 


1.63 






R = butyl 




1.69 






R = hexyl 


154 


1.64 




5 


R = decyl 


214 


1.70 






R^ethylidene 


55 


1.67 






Rss phenyl 


138 


1.83 






Recyclohexenyl 


196 


1.81 






R = ethylnoibomane 


149 


1.75 






R = cyano 


77 


1.98 


toluene 




R = chloromethyl 


106 


1.59 






R = triethoxysilyl 


270 


1.67 






Cyclooctene 


28 


2,01 






R«H 


227 


2.11 






R=etiiyl 


132 


2.14 






R-butyl 


179 


2.03 






R«hexyl 


157 


1.96 




11 


R = decyl 


218 


1.99 




1 J, 


R = ethylidene 


56 


2.13 






R = phenyl 


151 


2.08 






R = cyclohexenyl 


209 


2.17 






R = etiiylnoibomane 


162 


2.01 






R = chloromethyl 


132 


1.93 






R = triethoxysilyl 


299 


1.98 






Cyclooctene 


26 


133 






R=H 


208 


1.39 






R=eayl 


107 


1.43 






R = butyl 


143 


1.36 






R = hexyl 


155 


1.40 






R = decyl 


183 


1.38 






R = ethylidene 


61 


1.46 




5 


R = ldienyl 


136 


1.42 






R^cydohexeoyl 


176 


1.47 






R » ethylnoibomane 


156 


1.42 






Rs cyano 


94 


1.52 






R = hydroxymethyl 


102 


1.56 






R = chloromethyl 


116 


1.29 






R = triethoxysilyl 


230 


1.37 




Cyclooctene 


27 


1.71 






R = H 


191 


1.74 






R = ethyl 


116 


1.70 






R=batyl 




1.0^ 






R'=hfixyl 


139 


1.69 






R= decyl 


163 


1.65 






R = ethylidene 


43 


1.76 




11 


R« phenyl 


121 


1.78 






R= cyclohexenyl 


175 


1.63 






R = ethylnoibomane 


143 


1.68 






R= cyano 


84 


1.77 






R = hydroxymethyl 


102 


1.79 






R = chloromethyl 


117 


1.53 






R=trietbQxysily] 


222 


1.62 
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EXAMPLE 20 - rino-dosina metathesis in the presence of a heterogeneous catalyst 

Reactions were performed on the bench top in air by weighing 5 mole% of the catalyst into 
a dry 10 ml vessel and suspending the solid in 2 ml benzene. A solution of the appropriate dienic 
substrate (0.1 mmole) in benzene (2 ml) was added, together with the internal standani dodecane. 
5 The reaction mixture was stin-ed for the appropriate time at the appropriate temperature, both being 
Indicated in table 14 below. Product fonnation and diene disappearance were monitored by gas 
chromatography (GC) and confirmed in reproducibility experiments by ^H-NMR spectroscopy 
through integration of the allyllc methylene peaks (the solvent being deuterated benzene and the 
internal standard 1 .3,5-mesitylene). GC analysis of the reaction mixture also mied out the fonnation 
10 of cydo-lsomers, oligomers or telomers. 

Table 14 summarizes results obtained with some representative substrates, wherein we 
assessed the influence of the reaction temperature and reaction time on the activity of catalysts 5 
and 11 of example 18. Whatever temperature or reaction time used, catalytic system 11 is more 
efficient than system 5. 1,7-octadiene, diallylether and diethyl diallylmalonate smoothly undenwent 
15 cyclisation with both catalytic systems, even for only 4 hours at SS^C, whereas more rigorous 
conditions are needed for converting tri- and tetrasubstituted malonate derivatives. It is also quite 
dear that the reaction temperature Is a decisive factor for achieving good catalyst perfbnmance. 
Importantly, wori<up of the ring-closed reaction prc)ducls simply consists in the removal of the 
catalyst through filtration and evaporation of the solvent in vacuo. 

20 

T9t)te 14 





cataS 


cat 11 


cata 5 


cat 11 


cata 5 


cat 11 


cata 5 


cat 11 


Substrate 


55°C 


ss-c 


55X 


55-0 


85*C 


85°C 


85°C 


BS-C 




4h 


4h 


17 h 


17 h 


4h 


4h 


17ti 


17 h 


Diethyl diallyl malonate 


77 


86 


100 


100 


100 


100 


100 


100 


Tri-subsiituted malonate 


<5 


<5 


27 


32 


11 


20 


41 


58 


Tetra-substituted malonate 


<5 


<5 


9 


12 


<5 


8 


28 


37 


1,7-otadiene 


84 


89 


100 


100 


100 


100 


100 


100 


Diallyl ether 


73 


82 


100 


100 


100 


100 


100 


100 


Diallyl phtalate 


14 


25 


46 


56 


31 


34 


69 


82 


Linalool 


8 


13 


28 


35 


18 


19 


51 


73 



wo 03/062253 



PCT/BE03/00008 



58 

Example 21 - Atom transfer Radical Polymerisation in th e presence of a heterogeneous catalyst 

All fBagents and solyents were dried, disfilled and stored under nitrogen at - 20 °C with 
conyentiona! methods. In a typical ATRP experiment, 0.0117 mmoie of the heterogeneous catalyst 

5 11 produced in example 18 was placed in a glass tube (in which the air was expelled by three 
vacuum-nitrogen cycles) containing a magnet bar and capped by a three-way stopcock. Then 
styrene (as the monomer) and 1-bromoethyl benzene (as the initiator) were added so that the 
molar ratio [catalyst]/pnitiatorl/[monomer] was 1:2:800. All liquids were handled under argon with 
dried syringes. The reaction mixture was heated for 17 hours at 110"C then, after cooling, diluted in 

10 THF and poured in 50 ml methanol under vigorous slining, after which the precipitated polystyrene 
was filtered with suction. The polymer was finally dissolved in CHCI3 so that the catalyst can be 
filtered off. CHCI3 was then removed in vacuo from the polymer solution until a high viscosity was 
reached, then the polymer was precipitated by adding 100 ml methanol, filtered off, dried under 
vacuum for 15 hours and analysed. Polymer yield was 73%, molecular weight (Mn) was 39,000 and 

15 polydisperslty index (MJMn) was 1 .62. 

- In order to check the living character of this ATRP reaction, we conducted the following 
kinetic experiments: monomer conversion and number average molecular weight (Mn) were 
followed in function of time and the dependence of molecular weight and polydispersity on the 

20 monomer conversion is illustrated in figure 8. The linear dependence observed for Mn is in 
agreement with a controlled process with a constant number of growing chains. In addition, the 
significant decrease of the polydisperslty (reaching a value of 1.62 at 73% conversion) while 
polymerisation proceeds indicates that the radicals are long-lived. Furthermore, the first order 
kinetic plot (figure 9) shows linear time dependence, indicating that temnination reactions are 

25 almost completely excluded. Therefore we conclude that polymerisation proceeded in a controlled 
fashion, allowing to synthesize polystyrene wift predetermined molecular weight and nanow 
polydispersity. 

Example 22 - Kharash addition in the presence of a heterogeneous catalyst 
30 All reagents and solvents were dried, distilled and stored under nitrogen at - 20 *'C with 
conventional methods. Reactions were performed on the bench top in air by weighing 0.01 mmole 
of the catalyst 5 or 11 of example 18 into a dry 10 ml vessel and suspending the solid in 2 ml 
toluene. Then the solution of alkene (3 mmole), CCI4 (4.33 mmole) and dodecane (0.083 ml) In 
toluene (1 ml) were added and the reaction mixture was heated for 17 hours at the appropriate 
35 reaction temperature shown In table 15. Yields of the resulting products were obtained by 6C - - 
analysis of the reaction mbcture using dodecane as intemal standard, and are reported in table 15 
below. 
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Table 15 

65^C 



85 °C 











5 


11 


5 


11 


Methyl methacrylate 


<5 


14 


16 


43 


Isobutyl metfiacrylate 


«^ 


11 


9 


25 


Methyl acrylate 


«:5 


12 


19 


37 


Butyl acrylate 


<5 


9 


13 


22 


Styrene 


45 


63 


67 


91 


Diethylallylmalonate 


51 


77 


74 


85 



Exam ple 23 - vinyiaiion reaction in the presence o f a heterogeneous catalyst 
In a typical vinylation experiment, 4.4 mmole of a carboxylic acid (formic add or acetic acid), 4.4 
5 mmole of an alkyne (phenylacetylene or 1 ,7-octadiyne) and 0.04 mmole of the catalyst 5 or 11 of 
example 18 were transferred into a 15 ml glass vessel containing 3 ml toluene. Then the reaction 
mixture was heated for 4 hours at 100*C under an inert atmosphere. The total yield was 
detennined with Raman spectroscopy by following the diminishing intensity of the vo^ of 
phenylacetylene or 1,7-octadiyne and using a calibration curve. Confonnation of the products 
10 obtained was detennined by GC/MS, maWng use of the different fragmentations of the isomers. 
GC/MS measurements excluded the formation of other products than those reported below. 

Results of these vinylation experiments are summarized in table 16 (wherein M stands for 
Mari^ovnil<ov). When 1 ,7-octadiyne was used as a substrate. \he addition of both cariDOxylic adds 
resulted In the selective fomiation of (E)-alk-1-enyl esters conBsponding to a regio- and 
15 stereoselective anti-MaricovnIkov addition of the add to the triple bond, in^pecBve tifie catalytic 
system used. The total yield however depends upon \he type of catalyst and cart)oxylic add used. 
Besides tine fbnnation of the (E)-alk-1-enyl ester, also a small percentage of (Z>-alk-1-enyl ester. 
Maricovnikov addition products and disubstituted enol esters were obtained. When phenylacetylene 
is used as an alkyne, tfie total yields were noticeably higher tiian with 1 ,7-octadiyne. The latter 
20 induced a totally different selectivity in the vinylation process, i.e. the heterogeneous catalyst 
provided high levels of reactivity for tiie fomiation of Maricovnikov addition products. 



Table 16 



Catalyst / Alkyne / total yield 


%M. 


% anti-M. 


% anti-M. 




rarboxvlic acid 




(%) 


(Z) 


(E) 






ph.ac. 


formic 


90 


71 


9 


20 




5 


Acetic 


93 


45 


22 


33 




11 


ph.ac 


Formic 


96 


82 


5 


13 




Acetic 


99 


74 


9 


17 
















% disubstituted enol ester 




octad. 


Formic 


75 


8 


5 


74 


13 


5 


Acetic 


86 


11 


3 


79 


7 


11 


octad. 


Formic 


63 


6 


4 


72 


18 


acetic 


75 


15 




78 


7 



25 
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Example 24 - preparation of a Schiff b ase modified homobimetailic ruthenium complex • 

This synthesis proceeded according to the scheme shown in figure 10. Schiff base 
substituted nrthenium complexes having formulae (2.a-f) were prepared in two steps and purified 
as follows. In a first step, to a solution in THF (10 ml) of the appropriate Schiff base of formula (l.a- 
5 f) prepared according to example 1, a solution of thallium ethoxide in THF (5 ml) was added 
dropwise at room temperature. Immediately after addition, a pale yellow solid formed and the 
reaction mixture was stin-ed for 2 hours at 20*C. Filtration of the solid under an argon atmosphere 
provided the respective salicylaldimine thallium salt in quantitative yield, which was immediately 
used in the next step without further purification. 
10 In a second step, to a solution of the said salicylaldimine thallium salt in THF (5 ml) was 

added a solution of a catalyst having the fonmula IRuCl2(PCy3)2 ^CHCeHs] in THF (5 ml). The 
reaction mixture was stirred at room temperaure for 4 hours. After evaporation of the solvent, the 
residue was dissolved in a minimal amount of benzene and cooled to 0°C. Thallium chloride was 
removed via filtration. After evaporation of the solvent, the solid residue was recrystallized from 
15 pentane {- 70''C) to provide the respective Schiff base substituted ruthenium complex (2.a-f) in 
good yield as a brown solid. 

Then, to a benzene solution (25 ml) of 1 mmole of the Schiff base substituted ruthenium 
complex (2-a-f) was added a benzene solution (25 ml) of the dimer complex (1 mmole) having the 
fbnnula [RuCl2(p-cymene)l2. The solution was stirred for 4 hours at room temperature, during which 
20 time a solid predpitate formed from the solution. This solid was isolated via filtration under inert 
atmosphere and washed with benzene (30 ml ttiree times) to remove the [{p- 
cymene)RuCl2P(Cyciohexyl)3] byproduct and any unreacted starting materials. After 
recrystallization from a chlorobenzene/pentane mixture and additional washing with 10 ml pentane 
(two times) to remove the residual chlorobenzene, the product was dried in vacuo, affording the 
25 bimetallic Schiff base substituted ruthenium complexes 3.a«f in the following yields. Said 
complexes were further characterized by magnetic nuclear resonance (NMR) and infrared 
spectroscopy (IR), the results of such analysis being as follows. 

Bimetallic ruthenium complex 3.a: 0.419 g (63%) as an orange-green powder. ^H-NMR 
(CDCI3) 8 19.97 (d. 1H), 9.03 (d, 1H), 7.64 (t, 1H), 7.09-7.44 (br m, 7H), 7.01 (t, 1H), 5.58 (d, 1H), 
30 5.46 (d, 1H), 5.29 (d, 1H). 5.15 (d, 1H). 3.31 (d, 3H), 2.92 (septet, 1H). 2.19 (s, 3H), 1.35 (d. 3H) 
and 1.32 (d. 3H). IR (cm^^) 3060 (vch, w). 3054 (vch, w), 2838-2901 (vcm. br), 2806 (vch2, w), 1617 
(vc=N. s). 1605 (voccPh). w). 1583 (vc«=c(Ph). w), 1506 (voc^Ph), w), 1455 (voc{Ph)» w), 1449 (vch2. w). 
1382 (skeKiPr, m), 1361 (skeLip,. m). 1106 (vru^. w), 1003 (v^keu^cys, w), 773 (ych. w), 564 (vru^, 
w), 544 (vRix>Ph, w). 512 (vruo. w) and 440 (vru^i, w). Elemental analysis calculated (%) for 
35 RU2C25H28ONCI3 (666.96): C 45.02, H 4.23, N 2.10; found: C 45.10. H 4.25. N 2.11. 

Bimetallic rutiienium complex 3.b: 0.476 g (67%) as an orange-green powder. ^H-NMR 
(CDCI3) 5 20.02 (d, 1H), 9.08 (d, 1H), 8.34 (d, 1H), 8.19 (d, 1H), 7.53 (d, 2H), 7.45 (t. 1H). 7.38 (t 
2H). 7.16 (d. 1H). 5.64 (d, 1H), 5.52 (d. 1H), 5.33 (d, 1H), 5.19 (d. 1H), 3.36 (d, 3H), 2.96 (septet. 
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1H), 2.21 (s, 3H), 1.40 (d. 3H) and 1.37 (d, 3H). IR (cm-^) 3054 (vch. w), 3047 (vch. w). 2835-2898 
(vcH3, br), 2802 (vch2. w). 1615 (vow, s). 1600 (voc(Ph). w), 1577 (vocjph). w), 1550 (vnoz, s), 1500 
(v£>c(Ph). w), 1447 (vc=cp*). w). 1441 (voc w), 1382 (skeLp,, m), 1363 (skel.ip„ m), 1332 {vno2. s), 
1098 {vniw^ w), 997 (vdeLPCys. w). 768 (ycH. w). 558 (vR,^o.ph. w), 540 (vftuvph, w). 503 (vruo> w) 
5 and 437 {VfMt, w). Elemental analysis calculated (%) for RU2C25H27O3N2CI3 (711.94): C 42.17, H 
3.82, N 3.93; found: C 42.24, H 3.84. N 3.91 . 

Bimetallic ruthieniunn complex 3.c: 0.511 g (61%) as an orange powder. ''H-NMR (CDCI3) 6 
19.48 (d. 1H). 8.21 (d. 1H), 8.12 (d, 1H). 8.06 (d. 2H). 7.72 (t, 1H). 7.44 (t, 2H), 7.38 (t. 1H). 7.12 (t, 
1H). 7.09 (s. 1H), 7.06 (d, 1H), 7.02 (s. 1H). 5.45 (d. 1H). 5.30 (d. 1H). 5.17 (d. 1H), 5.06 (d. 1H). 
10 2.84 (septet. 1H). 2.06 (s. 3H), 2.03 (s. 3H). 1.89 (d. 3H). 1.28 (d. 3H) and 1.24 (d, 3H). IR (cm ') 
3052 (vcH, w). 3038 (vch. w), 2848-2968 (voo, br), 1601 {vo=n. s). 1579 (vc=c{Ph), w), 1523 (vc=c(Ph), 
w), 1466 (vc=c(Ph), w), 1443 (vc-qph). w), 1385 (skel.ip„ m), 1367 (skeLp,. m), 1062 (vr»<w^, w), 
1003 (Vrteu>(^. w). 801 (ycH. w), 784 (yoi. w). 692 (vc*. s). 666 (vru^j, w), 554 [v^ycyf^ w), 527 
(vRuwh. w) and 492 (vrooi. w). Elemental analysis calculated (%) for Ru2C32H330NCl3Br (835.97): 
15 C 45.97, H 3.98, N 1.68; found: C 46.03, H 4.01, N 1.65. 

Bimetallic ruthenium complex 3.d: 0.602 g (68%) as a dari< orange powder. ^H-NMR 
(CDCI3) 5 19.50 (d, 1H), 8.36 (d. 1H). 8.31 (d. 1H), 8.10 (d. 2H). 7.76 (t. 1H). 7.71 (d. 1H). 7.43 (t. 
2H). 7.15 (d. 1H), 7.11 (s, 1H). 7.07 (s. 1H), 5.49 (d, 1H). 5.36 (d. 1H). 5.21 (d. 1H). 5.11 (d. 1H). 
2.86 (septet, 1H), 2.09 (s. 3H). 2.06 (s, 3H). 1.96 (d. 3H). 1.31 (d. 3H) and 1.29 (d. 3H). IR (cm'') 
20 3045 (vch. w). 3031 (vch, w). 2844-2963 (vch3, br). 1597 (vc=n. s), 1576 (vc=c{Ph). w). 1541 (vno2, s), . 
1517 (vc=c(Ph), w). 1458 (vc=c(Ph). w). 1440 (vc=c<Ph,, w), 1389 (sket.iPr. m). 1369 (skeLpr, m). 1322 
(VN02. s), 1044 (vRuo«,. w), 995 (vsfeipcys, w). 793 (tch. w). 779 (ych. w). 683 (vc^. s), 659 (vr,mj, 
w), 541 (vR,>o-Ph, w), 514 (vRuofl,, w) and 482 (vRu^a. *)• Elemental analysis calculated (%) for 
RU2C32H3203N2Cl3Br (880.95): C 43.63, H 3.66, N 3.18; found: C 43.71 , H 3.70, N 3.17. 
25 Bimetallic ruti^enium complex 3.e: 0.597 g (73%) as a yellow-green powder. ^H-NhdR 

(CDCI3) 8 19.71 (d, 1H), 8.12 (d, 1H). 7.96 (d, 2H). 7.55 (t, 1H), 7.11-7.44 (br m. 8 H), 6.66 (t, 1H), 
5.42 (d, 1H), 5.27 (d. 1H). 5.12 (d. 1H), 5.01 (d, 1H). 3.41 (septet, 1H), 2.81 (septet. 1H), 2.25 
(septet. 1H). 2.01 (s. 3H). 1.67 (d. 3H), 1.29 (d. 3H), 1.26 (d, 3H), 1.21 (d. 3H) and 0.82 (dd. 6H). 
IR (an-') 3059 (vch. w). 3O40 (vch, w). 2857-2961 (vchs. br), 1607 (vc=n, s). 1586 (vc=c<Ph). w), 1527 
30 (vc=c(Ph>. w), 1469 (voc(Ph). w), 1445 (vc=c(Ph). w). 1383 (skeLpr, m), 1364 (skel.ip,, m), 1070 (vfuMWh. 
w), 1009 (vskeipcys. w), 806 (ycH. w), 794 (yen. w). 688 {vn^, w), 564 (vRu<w.h, w), 537 (vR.MW>h. w) 
and 508 (vru.ci. w). Elemental analysis calculated (%) for RU2C36H42ONCI3 (813.18): C 53.17, H 
5.21, N 1.72; found: C 53.23. H 5.24, N 1.74. 

Bimetallic ruthenium complex 3,f. 0.587 g (68%) as an orange powder. ^H-NMR (0003) 5 
35 19.81 (d, 1H), 8.32 (d, 1H), 8.22 (d, 1H), 8.16 (d, 1H), 7.34-7.98 (br m, 8H), 7.06 (d, 1H), 5.39 (d, 
1H). 5.25 (d. 1H), 5.08 (d, 1H). 4.97 (d. 1H), 3.51 (septet. 1H), 2.77 (septet, 1H). 2.32 (septet. 1H), 
1.98 (s, 3H), 1.74 (d. 3H), 1.34 (d. 3H). 1.20 (d, 3H), 1.16 (d, 3H) and 0.88 (dd, 6H). IR (cm"') 3054 
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(vcH. w), 3037 (vcH, w), 2850-2965 (vchs, br), 1602 (vc=n. s), 1582 (vc=cph), w). 1550 (vnqz. s). 1528 
{vc=c(Ph). w), 1464 (voqph), w). 1444 (vc=c{Ph). w), 1387 (skeLpr, m). 1366 (skeLipr. m). 1331 (vno2, 
s). 1100 (vru^, w). 1057 (vskd.pc^, w). 798 (yen. w). 785 (ycH. w), 678 {vru44, w), 557 (vR»M>Ph, w). 
529 (vRtK)-Phi w) and 496 (vbum* w). Bemental analysis calculated (%) for Ru2Ca6H4i03N2Cl3 
5 (858,16): C 50.38, H 4.82, N 3.26; found: C 50.44, H 4.85. N 3.25. 

Example 25 - preparation of diethyl dialMaminomethviphosphonate 

0.60 g (2.9 mmole) of diethyl allylaminoethylphosphonate was dissolved in 50 ml dry 
diethyl ether, and 1 .17 g (1 1 .6 mmole) triethylamine was added. After 1 5 minutes of stining at room 

10 temperature, 1.40 g of allylbromide was added dropwise. The mixture was refluxed during 4 days. 
50 mi of water was added to the mbcture and was subsequently extracted three times with 50 ml 
CI-I2CI2. The organic layers were combined and dried wiUi MgS04. After filtering MgS04 and 
subsequent evaporation of the solvent, the resulting product was further purified with high vacuum 
distillation, providing 0,6 gram (2,4 mmole, 84 % yield) diefriyl diallylaminomethylphosphonate 

15 having a boiling point of 65°C under a reduced pressure of 0.1 mbar. This product was further 
characterised by the following spectra: 

- ''H-NMR (270 MHz, CDCL3): shifts at 1,32 (3H, t, J=7,1 Hz, O-CHrCHa), 1,33 (3H, t, J=6,9 Hz, O- 
CHrCHa). 2.87 (2H. d, Jp4^=10,9 Hz, N-CHz-P). 3.25 (4H, d. J=6,27 Hz. 2x N-CH2-CH=CH2). 4.14 
(4H. m. 2x. OChb-CHa). 5.19 {4H, m. 2x N-CH2-CH=Clj2) and 5.83 (2H. m, 2x. N-CHz-CHsCHz), 

20 - "^^C-NMR (68 I^Hz. CDCI3) shifte at 16,50 (d. Jp^=4.8 Hz. 2x OCHrCHs). 48,19 (d, Jplc=163,6 
Hz. N-£HrP), 58.09 (d, Jp^7.3 Hz, 2x N-QHrCH^CHz), 61.90 (d. Jfm:= 3,6 Hz, 2x 0-£H2^H3). 
1 1 8.17 (d, Jp.c=2.5 Hz, 2x N-CHz-CH^CHz) and 135,04 (2x N-CH2-QH=CH2), 

- ^>-NMR (109 MHz, CDCI3) 5: 26,01, 

- infrared: absorption bands at 1260 cm'^ (P=0) and 1643 cm*'' (C=C), 

25 - mass spectrum: 247 (M^3). 232 (IVI+ -15.7). 206 (30). 110 (M*.PO(OEt)2. 100). 81 (14), 68 (21) 
and 41 (26). 

Example 26 - prepa ration of diethyl IH-pvrroie^l-ylmethylphosphonatB 

0.1 g (0.41 mmole) of the diethyl diallylaminomethylphosphonate prepared in example 25 
30 was dissolved in 2 ml chiorobenzene, then 0.014 g (0.02 mmole) of the bimetallic ruthenium 

complex 3.e prepared in example 24 was added and the mixture was stirred for 16 hours at 60*'C. 

The catalyst was removed after evaporation of the dilorobenzene by column chromatography, 

yielding 0.04 g (0.18 mmole, yield 45 %) diethyl 1H-pyrrole-1-ylmethylphosphonate. This product 

was further characterised by the following spectra: 
35 - "^H-NMR (270 IVIHz. CDCia) 5: 1,27 {6H. t. J=6,9 Hz, 2x O-CHrCUa), 3,97-4.05 (4H, m. 2x O-CJi- 

CH3). 4.26 (2H, d. JFm=9,6 Hz, N-CH2-P), 6.17 (2H, s, 2x N-CH=CiD, 6,72 (2H. s, 2x N-CH=CH), 

- ^^C-NI^R (68 IWHz, CDCI3) 5: 18.07 (d, Jp^6.1 Hz. 2x O-CHrCHa). 47,50 (d. Jm= 157, 5 Hz. N- 
CH2-P), 64.48 (d, Jm= 6,1 Hz, 2x O-fiHz-CHa), 110.69 (2x IM-CH=£H), 123.54 (2x N-£H=CH), 

- ^^P-NMR (109 MHz, CDCI3) 6: 19.72. 
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- infrared: absorption bands at 1244 cm'^ (P=0) and 1496 cm'^ (C=C). 

. mass spextmm: 217 (M*. 57). 202 (M* -15.17). 174 (13). 107 (29). 80 (M*-PO(OEt)2.100) and 53 
(14). 

5 Example 27 - preparation of diallvialvcine methvl ester 

1.5 g (11.9 mmole) glycine methyiester hydrochloride was added to 100 ml dry THF and 
subsequently, 3.61 g (35.8 mmole) triethylamlne was added. After 15 minutes stirring at room 
temperature, 4.33 g (35.8 mmole) ally! bromide was added dropwise and the mixture was refluxed 
for 16 hours. 100 ml of 2N HCI was added and then extracted with 100 ml diethyl ether. The 

10 aqueous phase was aUcalinised after, add extraction, with K2CO3 and extracted with CH2CI2 (100 
ml three limes). The organic layer was dried with MgS04. The product was further purified, after 
filtration of MgS04 and evaporation of the solvent, via column chromatography, providing with 100% 
selectivity 0.78 g (5.75 mmole, yield 49 %) diallylglycine methyl ester. This product was further 
characterised by the foliov^ng spectra: 

15 - 'H-NMR (270 MHz, CDCL3) 6: 3,24 (4H; d. J=6,6 HZ, 2x N-Ctd2-CH=CH2), 3,32 (2H, s, N-CH2- 
COOMe). 3,69 (3H, s. COOCH3), 5,13-5,24 (4H, m. 2x CH2-CH=Cil2). 5,86 (2H, ddt. J=17,2 Hz, 
J=10,2 Hz en J= 6,6 Hz, CH-CH=CH2). 

- "ONMR (68 MHz. CDCI3) 6: 51,39 (N-QHz-COOMe). 53,71 (COOfiHa), 57.27 (2x N-CH2- 
CH=CH2). 118.20 (2X CH2-CH=£H2). 135.42 (2x CH2-CH=CH2) and 171.75 (COOMe). 

20 - Infrared: absorption bands at J 643 cm*^ (CH=CH2) and 1741 cm"^ (C=0), 

- mass spectrum: 169 (M* -41,25), 110 (M*-COOMe. 100) and 41 (CH2=CH-GH2+, 28). 

Fxam ple 28 - preparation of methvl-1H>pvrrole-1-vl acetate 

0.22 g (1 .3 mmole) of the diallylglycine methyl ester prepared in example 27 was dissolved in 3 ml 
25 chlorobenzene after which 0.046 g (0,064 mmole) of the bimetallic ruthenium complex 3.e prepared 
in example 24 vras added. The mixture was stirred for 16 hours at 65'C. The catalyst was removed 
after evaporation of chlorobenzene by column chromatography, providing with 100% selectivity 
0.05 g (0.36 mmole, yield 28%) methyl 1H-pyrrole-1-ylacetate. This product was further 
characterised by the following spectra: 
30 " ^H-NMR (270 MHz, CDCL3) 6: 3.76 (3H. s. COOChb). 4.56 (2H, s. N-Chb-COOMe). 6.21 (2H, T. 
J=1,98 Hz, 2x N-GH=CH) and 6.67 (2H, t. J=1,98 Hz. 2x N-Ctl=CH), 

- ^^C-NMR (68 MHz, CDCI3) 6: 50.68 (N-CHrCOOMe), 52.51 (COOCH3), 109.09 (2x N-CH=CH), 
121.74 (2x N-CH=GH) and 169.22 (COOMe), 

- infrared: absorption band at 1745 cm'^ (C=0). 

35 - mass spectrum: 139 (M*. 63) and 80 (M*-PO(OEt)2, 100). 
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CLAIM S 



1. A five-coordinate metal complex, a salt a solvate or an enantiomer thereof, comprising a 
carbene ligand, a multidentate ligand and one or more other iigands, wherein at least one 

5 of said other ligands is a constraint steric hindrance ligand having a pKa of at least 15. 

2. A five-coordinate metal complex according to claim 1 , being a monometallic complex. 

3. A five-coordinate metal complex according to daim 1, being a bimetallic complex wherein 
10 one metal is penta*coordinated and the other metal is tetra-coordinated with one or more 

neutral ligands and one or more anionic ligands. 

4. A five-coordinate metal complex according to daim 3, wherein the two metals are the 
same. 



15 



20 



5. A five-coordinate metal complex according to daim 3, wherein the two metals are different. 

6. A five-coordinate metal complex according to claim 1 or claim 2, wherein the multidentate 
ligand is a bidentate ligand and the metal complex comprises two other ligands. 

7. A five-coordinate metal complex according to claim 1 or daim 2, wherein the multidentate 
ligand is a tridentate ligand and the metal complex comprises a single other ligand. 



8. A five-coordinate metal complex according to any of claims 1 to 7, wherein the metal is a 
25 transition metal selected fi^m the group consisting of groups 4, 5, 6, 7, 8. 9, 10, 1 1 and 12 

of the Periodic Table. 



9. A five-coordinate metal complex according to any of daims 1 to 8, wherein the metal is 
selected from the group consisting of ruthenium, osmium, iron, molybdenum, tungsten, 

30 titanium, rtienium. copper, chromium, manganese, palladium, platinum, rhodium, 

vanadium, zinc, cadmium, mercury, gold, silver, nickel and cobalt 

10. A five-coordinate metal complex acconjing to any of claims 1 to 9, wherein the multidentate 
ligand tndudes at least two hetenoatoms through which coordination with the metal occurs. 

35 

11. A five-coordinate metal complex according to daim 10, wherein at least one of the two 
heteroatoms is a nitrogen atom. 
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12. A five-coordinate metal complex according to any of claims 1 to 11, wherein the carbene 
[jgand is an allenylidene ligand. 

13. A five-coordinate metal complex according to any of claims 1 to 11, wherein the carbene 
5 ligand is a cumuienylidene ligand. 

14. A five-coordinate metal complex according to any of claims 1 to 6, wherein one of said 
other iigands is an anionic ligand. 

10 15. A five-coordinate metal complex according to claim 2, wherein one of said other Iigands is 
a solvent and the complex is a cationic spedes associated with an anion. 

16. A five-coordinate metal complex according to claim 15, wherein said anion is selected from 
the group consisting of tetrafluoroborate. tetra(pentafluorophenyl)borate, alkylsulfonates 

15 wherein the alkyl group may be substituted with one or more halogen atoms, and 

arylsulfonates. 

17. A five-coordinate metal complex according to claim 15 or claim 16, wherein said solvent S 
is selected from the group consisting of protic solvents, polar aprotic solvents and non- 
20 polar solvents, including aromatic hydnDcarbons. chlorinated hydrocarbons, ethers, 

aliphatic hydrocarbons, alcohols, esters, ketones, amides, water or mixtures tiiereof. 

18. A five-coordinate metal complex according to any of claims 1 to 17, wherein said constraint 
steric hindrance ligand having a pKa of at least 15 is a derivative, wherein one or more 

25 hydrogen atoms is substituted with a group providing constraint steric hindrance-, of a non- 

ionic prophosphatrane superbase or a N-heterocydic carbene selected from the group 
consisting of imlda20l-2-ylidene, dihydroimida2ol-2-ylidene. oxa2ol-2-yIidene. triazol-S- 
ylidene. thiazol-2-ylidene. bis(imida2oline-2-ylidene) bis(imida2olidine-2-ylidene), 
pyrrolylidene. pyrazolylidene, dihydropynolylidene, pyn-olylidinylidene and benzo-fused 

30 derivatives thereof. 

19. A method for maWng a five-coordinate metal complex according to any of claims 1 to 18, 
comprising the step of making a five-coordinate monometallic complex by reading (i) a 
four-coordinate monometallic complex comprising a multldentate ligand and one or more 

35 other Iigands, wherein at least one of said other iigands is a constraint steric hindrance 

ligand having a pKa of at least 15 with (ii) a reactant seleded from the group consisting of 
alkynyl compounds, diazo compounds and dialkynyl compounds, the said readant being 
able to afford a cartsene ligand for the metal. 
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20. A method for making a five-coordinate metal complex according to any of daims 1 to 18, 
comprising: 

- the first step of making a five-coordinate monometaflic complex comprising a carbene 
ligand by reacting (i) a four-coordinate monometallic complex comprising a multidentate 

5 ligand and one or more other iigands other than constraint steric hindrance ligands having 

a pKa of at least 15 and other than cart^ene iigands with (ii) a reactant selected from the 
group consisting of alkynyl compounds, diazo compounds and dialkynyl compounds, the 
said reactant being able to afford a carbene ligand for the metal, and then 

- the second step of reacting the five-coordinate monometallic complex obtained in the first 
10 step with a species containing a constraint steric hindrance group having a pKa of at least 

15 under conditions penmitting said constraint steric hindrance group having a pKa of at 
least 15 to coordinate with the metal in place of one of the other ligands other than the 
carbene ligand. 

15 21. A method according to daim 19 or claim 20, wherein said five-coordinate metal complex Is 
a bimetallic complex wherein one metal is penta-coordinated and the other metal is tetra- 
coordinated, further comprising the step of reacting said five-coordinate monometallic 
complex with a bimetallic complex wherein each metal is tetra-coordinated. 



20 22. A method according to daim 21, wherein the metal of said bimetallic complex wherein 
each metal is tetra-coordinated is different from the metal of said five-coordinate 
monometallic complex. 

23. A method according to any of claims 19 to 22, wherein each metal Is independently 
25 selected firom the group consisting of groups 4, 5, 6, 7, 8, 9, 10, 1 1 and 12 of the. Periodic 

Table. 



24. A method according to claim 19 or claim 20, wherein the four-coordinate monometallic 
complex of the first step indudes one anionic ligand so as to pn^vide a five-coonjinate 

30 monometallic complex comprising one anionic ligand, said method furtiier comprising the 

step of abstracting said anionic ligand fi^m said five-coordinate monometallic complex by 
reacting said five-coordinate monometallic complex with a salt in the presence of a solvent 
so as to produce a five-coordinate monometallic complex being a cationic spedes 
assodated with an anion and wherein the metal is coordinated with a solvent 

35 

25. A four-coordinate monometallic complex comprising a multidentate ligand and one or more 
other ligands, wherein at least one of said other ligands is a constraint steric hindrance 
ligand having a pKa of at least 15. 
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26. Use of a four-coordinate monometallic complex according to claim 25 as an intemnediate 
for making a catalytic component. 

27. A five-coordinate metal complex acconJing to claim 1 or claim 2, being selected from metal 
5 complexes having one of the general formulae (lA) and (IB) refen'ed to in figure 3, wherein: 

- M is a transition metal selected from the group consisting of groups 4, 5, 6, 7» 8, 9, 10, 1 1 
and 12 of the Periodic Table; 

- Z is selected from the group consisting of oxygen, sulphur, selenium, NR"". PR"", AsR"" 
and SbR""; 

10 - R", R"' and R"" are each a radical independently selected from the group consisting of 
hydrogen. Ci.6 all^, C3.10 cydoalkyl. alkyl-Ci.6 aikoxysilyl. alkyl-aryloxysilyl, Ci^ 
alkyl-Cs-io cycloalkoxysilyl, aryl and heteroaryl, or R" and R"' together form an aryl or 
heteroaryl radical, each said radical being optionally substituted with one or more, 
preferably 1 to 3, substituents R5 each independently selected from the group consisting of 

15 halogen atoms, Ci^ alkyl, alkoxy, aryl, alkylsulfonate, arylsulfonate, alkylphosphonate, 

arylphosphonate, Ct^ alkyl-Ci^ aikoxysilyl. alkyl-aryloxysilyl, alkyl-Cg^io 
cycloalkoxysilyl, alkyiammonium and arylammonlum; 

- R* is either as defined for R", R" and R"" when included in a compound having the general 
formula (lA) or, when included in a compound having the general formula (IB), is selected 

20 from the group consisting of C^^ aikylene and C» cydoalkylene, the said alkylene or 

cydoalkylene group being optionally substituted with one or more substituents R5; 
Ri is a constraint steric hindrance group having a pKa of at least 15; 

- R2 is an anionic ligand; 

R3 and R4 are each hydrogen or a hydrocarbon radical selected from the group consisting 
25 of C1.20 alkyl, C1.20 alkenyl, 0\j2q alkynyl, 01.20 carboxylate, alkoxy, Ct-20 alkenyloxy. 

C1-20 alkynyloxy, aryl, aryloxy, C1.20 alkoxycarbonyl, alkylthio, alkylsulfonyl, C1.20 
alkylsulfinyl C1.20 alkylsulfonate. arylsulfonate, C1.20 alkylphosphonate, arylphosphonate, 
C1.20 alkyiammonium and arylammonium; 

- R' and one of R3 and R4 may be bonded to each other to fonn a bidentate ligand; 

30 - R'" and R"" may be bonded to each other to fonm an aliphatic ring system induding a 
heteroatom selected from the group consisting of nitrogen, phosphorous, arsenic and 
antimony; 

R3 and R4 together may form a fused aromatic ring system, and 

- y represents the number of sp2 carbon atoms between M and the carton atom bearing R3 
35 and R4 and is an integer from 0 to 3 induslve, 

salts, solvates and enantiomers tiiereof. 

28. A five-coordinate metal complex acconJing to daim 27, wherein Ri is a derivative, wherein 
one or wore hydrogen atoms is substituted a group providing constraint steric 
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hindrance, of a N-heterocydic carbena seleded from the group consisting of imidazol-2- 
ylidene, dihydroimidazol-2-yiidene, oxazol-2-ylldene, triazol-S-ylidene, thia2ol-2-ylidene, 
bis(imidazoline-2-ylidene) bis(imida2oIidine-2-ylidene),pynxDlylidene. pyrazolylidene, 
dihydropyn"olylidene, pyrrolylidinylidene and benzo-fused derivatives thereof, or a non-ionic 
5 prophosphatrane superbase. 



29. A live-coordinate metal complex according to daim 27 or claim 28, wherein Rz is selected 
from the group consisting of Cv2o alM. ^va alkenyl, C1.20 alkynyl, C1.20 carboxylate. C1.20 
alkoxy, alkenyloxy. Ci,2o alkynyloxy, aryl, aryloxy, C1.20 alkoxycarbonyl, C^b alkylthio, 

10 C1.20 alkylsulfonyl, Cv2o alkylsuifinyl C1.20 alkylsulfonate. arylsulfonate, C1.20 

alkylphosphonate, aryiphosphonate, Cv2o alkylammonium, arylammonium, halogen atoms 
and cyano. 

30. A five-coordinate metal complex according to any of claims 27 to 29, wherein each of R3 
15 and R4 is a phenyl group. 

31. A five-coordinate metal complex according to any of daims 27 to 30, wherein y = 0. 



32. A five-coordinate metal complex according to any of daims 27 to 30, wherein y = 2. 

20 

33. A five-coordinate metal complex according to any of claims 27 to 32, wherein R3 and 
together fonn a fused aromatic ring system having tiie fomnula (vi) referred to in figure 3. 

34. A five-coordinate metal complex according to any of daims 27 to 33. wherein R* is methyl. 

25 

35. A method for making a five-coordinate metal complex according to daim 27, comprising 
reacting a four-coordinate metal complex having one of the general fbnnulae (IIA) or (IIB) 
referred to in figure 4, wherein 1^, Z, R, R',R", R"', R'"' and R2 are as defined in daim 27 
and Re is a leaving group, with a compound having the fomnula RiY wherein Ri is as 

30 defined in claim 27 and Y is a leaving group, thus resulting in an intermediate respectively 

having one of the general fomnulae (IIIA) or (IIIB) refeaed to in figure 4, and further reacting 
the said intermediate witii a reactant selected from the group consisting of : 

- an alkynyl compound ha>nng tfie fonnula R3R4R7CCSCH wherein R3 and R4 are as defined 
in daim27, and R? is selected from the group consisting of hydrogen, hydroxyl and R3 

35 (when y = 2), 

- a diazo compound having the fonnula N2CR3R4 wherein R3 and R4 are as defined in daim 
27 (when y is 0), 

- an alkynyl compound having the formula RaC^H wherein R3 is as defined in daim 27 
(when y is 1), and 
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- a dialkynyl compound having the formula RaiCsOCsCRaa wherein Rat and R22 are each 
independently selected from hydrogen and trlalkylsiiyf (when y Is 3). 

36. A method according to daim 35, wherein Y is selected from the group consisting of 
5 hydrogen. Ci-e alkoxy, PR3 and NR3. 

37. A method for mailing a five-coordinate metal complex according to claim 27, comprising in 
a first step reacting a compound ha^ring one of the genera! fomnuiae (UA) and (IIB) referred 
to in figure 4, wherein M. Z, R, R', R", R"\ R"" and R2 are defined as in claim 27 and Re is 

10 a leaving group, with a reactant selected from the group consisting of: 

- an alkynyl compound having the fonmula R3R4R7CC5CH wherein and R4 are as defined 
in daim 27 and R7 is selected from the group consisting of hydrogen, hydroxyl and R3 
(when y = 2), 

- a diazo compound having the formula N2CR3R4 wherein R3 and R4 are as defined in claim 
15 27 (when y is 0), 

- an alkynyl compound having the fonDula RaCsCH wherein R3 is as defined in daim 27 
(when y is 1). and 

- a dialkynyl compound having the fonnula RaiCsOCsC R22 wherein R21 and R22 are each 
independently selected from hydrogen and trialkylsilyl (when y is 3), 

20 and in a second step, further reading the reaction product of the first step a compound 
having the fomiula RiY wherein Ri is as defined in claim 27. 

38. A method according to any of claims 35 to 37, vy^herein Re is a group selected from 
aromatic and unsaturated cycloaliphatic groups, preferably aryl and C4.20 cycloalkenyl 

25 groups being optionally substituted with one or more alkyi groups. 

39. A fburKXiordinate metal complex having one of the general formulae (IIIA) or (IIIB) referred 
to in figure 4, wherein: 

- M is a transition metal selected from the group consisting of groups 4, 5, 6, 7, 8, 9, 10, 1 1 
30 and 1 2 of the Periodic Table; 

- Z is selected from tiie group consisting of oxygen, sulphur, selenium, NR"", PR"". AsR"" 
and SbR""; 

- R", R"' and R"" are each a radical independently selected from the group consisting of 
hydrogen, alkyl, cydoalkyl, aryl and heteroaryl, or R" and R'" together form an aryl 

35 or heteroaryl radical, each said radical being optionally substituted with one or more. 

preferably 1 to 3, substituents R5 each independentiy selected from the group consisting of 
halogen atoms, Ci^ alkyi, C^.^ alkoxy, aryl, alkylsulfbnate, aryisulfonate, alkylphosphonate, 
arylphospho-nate, alkylammonium and arylammonlum; 
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. R* is either as defined for R". R"' and R"" when included in a compound having tiie general 
fbnmula (IIIA) or, when included in a compound having the general formula (IIIB), is 
selected from the group consisting of Ci-6 alkylene and C^^ cycloalkytene, the said 
alkylene and cycloalkytene group being optionally substituted with one or more 
5 substituents Rs; 

- Ri is a constraint steric hindrance group having a pKa of at least about 15; and 
R2 is an anionic iigand, 

a salt, a solvate or an enantiomer thereof. 

10 40. A four-coordinate metal complex having one of the general fomnulae (IIA) or (IIB) referred 
to in figure 4, wherein: 

- M is a transition metal selected from the group consisting of groups 4, 5, 6, 7, 8, 9, 10, 11 
and 12 of the Periodic Table; 

. Z is selected from the group consisting of oxygen, sulphur, selenium. NR"", PR'"', AsR"" 
15 and SbR"", 

- R", R'" and R"" are each a radical independently selected from the group consisting of 
hydrogen, Ci-e alkyi, Ch^ cydoalkyl. aryl and heteroaryl, each said radical being optionally 
substituted vwth one or more, preferably 1 to 3, substituents R5 each independently 
selected from the group consisting of halogen atoms, C1-6 alkyl. C1-6 alkoxy, aryl. 

20 alkylsuHonate. arylsulfbnate, alkylphosphonate. arylphospho-nate, alkylammonium and 

arylammonium, or R" and R"' together form an aryl or heteroaryl radical, the said radical 
being substituted with either one substituent R5 selected from the group consisting of 
bromine, O2S alkyl, alkoxy, aryi, alkylsulfonate. arylsulfonate. alkylphosphonate. 
arylphosphonate, alkylammonium and arylammonium, or two or more substituents R5 each 

25 independentiy selected from the group consisting of halogen atoms, alkyl, Oi^ alkoxy. 

aryl, alkylsulfonate, arylsulfbnate, alkylphosphonate, arylphosphonate. alkylammonium and 
aryl-ammonium; 

. R' is either as defined for R", R" and R"" when included in a compound having the general 
formula (IIA) or, when included in a compound having the general fomnula (IIB), is selected 
30 from the group consisting of alkylene and Cs^ cycloalkylene, the said alkylene and 

cycloalkytene group being optionally substituted with one or more substituents R5; 
. R2 is an anionic Iigand; and 

- Re is a group selected from aromatic and unsaturated cydoaliphatic groups, preferably aryl 
and C4.20 cycloalkenyl groups, the said group being optionally substituted virtth one or more 
35 Ci-6 alkyl groups, 

a salt, a solvate or an enantiomer tiiereof. 

41. Use of a four-coordinate metal complex according to claim 39 or daim 40 as an 
intennediate for making a five-coordinate metal complex according to dalm 27. 
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42. A supported catalyst for use in a heterogeneous catalytic reaction, comprising: 

(a) a catalytically active five-coordinate metal complex according to any of claims 1 to 
18 and 27 to 34, and 

(b) a supporting amount of a earner suitable for supporting said catalytically active 
five-coordinate metal complex (a). 

43. A supported catalyst according to daim 42, wherein said carrier is selected tifom the group 
consisting of porous inorganic solids, such as amorphous or paracrystailine materials, 
crystalline nnolecular sieves and modified layered materials including one or more inorganic 
oxides, and organic polymer resins. 

44. Use of a five-coordinate metal complex according to any of claims 1 to 1 8 and 27 to 34 or a 
supported catalyst according to claim 42 or claim 43 as a catalytic component in a reaction 
selected from the group of metathesis reactions, atom transfer radical reactions, addition 
polymerisation reactions and vinylation reactions. 

45. Use according to claim 44, wherein said reaction is a metathesis reaction for transforming 
a first olefin into at least one second olefin or into a linear olefin oligomer or polymer or a 
cydooiefin. 

46. A method for performing a metathesis reaction comprising contacting at least one first 
olefinic compound with a five-coordinate metal complex according to any of claims 1 to 18 
and 27 to 34 or a supported catalyst according to claim 42 or claim 43. 

47. A method according to daim 46, wherein said first olefinic compound indudes one or more 
functional atoms or groups selected from the group consisting of hydroxy), thiol (mercapto), 
ketone, aldehyde, ester (carisoxylate), thioester, cyano, cyanato, epoxy, siiyi, silyloxy, 
silanyl. siloxazanyl, boronato, boryl. stannyl, disulfide, carbonate, imine, cariDOxyl, amine, 
amide, carboxyl, isocyanate, thioisocyanate, cartx>dlimide. ether (preferably Cv2o aikoxy or 
aryloxy), thioether (preferably Cv2o thioalkoxy or thioaryloxy), nitro, nltroso, halogen, 
ammonium, phosphonate, phosphoryl, phosphino, phosphanyi, C1.20 alkylsulfanyl. 
arylsulfanyl, C1.20 alkylsulfonyl, arylsulfbnyl, C1.20 alkylsulfinyl, arylsulfinyl, sulfonamide and 
sulfonate. 

48. A method according to daim 46, wherein the said first olefinic compound functional atom or 
group is part of a substituting group of the first olefin. 



49. A method according to daim 46, wherein the said first olefinic compound functional group 
is part of the carbon chain of the first olefin. 



wo 03/062253 



PCT/BE03/00008 



72 

50. A method according to any of daims 46 to 49, wherein the said first olefinic compound is 
an acyclic mono-olefin, 

51. A method according to any of claims 46 to 49, wherein the said metathesis reaction 
converts a mixture of a mono-olefin having the formula I^CH=CHRio and a mono-olefin 
having the formula R9CH=CHRii, wherein each of Ra. Rg, Rio and Rn is independently 
selected from C1.20 alicyt groups optionally bearing one or more functional atoms or groups, 
into a mixture of the mono-olefin having the fomnuia RsCHsCHRg and a mono-olefin having 
the fomiula RiiCH=CHRio. 

52. A method according to any of claims 46 to 49, wherein the said first olefin is a diolefin or a 
cyclic mono-olefin with a ring size of at least three cart)on atoms. 

53. A method according to claim 52, wherein the said metathesis reaction is performed under 
conditions suitable for transforming said diolefin or cyclic olefin into a linear olefin oligomer 
or polymer. 

54. A method according to daim 52. wherein the said first olefin is a diolefin and the said 
metattiesis reaction is performed under conditions suitable for transfomriing said diolefin 
into a mixture of a cyclic olefin and an aliphatic alpha-olefin. 

55. A method according to any of daims 46 to 49. wherein the said metathesis reaction 
converts a mixture of two dissimilar olefins, at least one of which is an alpha-olefin, 
selected from (1) cyclodlenes containing from 5 to 12 carbon atoms and (ii) olefins having 
the fbnmula: 

XHC=CH-(CH2)r(CH=CH)a-(CHX')c-{CH2)rX" (IV). 
into an unsaturated biologically active compound having the formula: 
H(CH2MCH=CH)eKCH2UCH=CH)b-(CH2)pX" (V), 

wherein 

a is an integer from 0 to 2, 
b Is selected from 1 and 2, 
c is selected from 0 and 1, 

m and p are such that the hydrocarbon chain in formula (V) contains from 10 to 18 carbon 
atoms, 

r and t are such that the combined total of carbon atoms in the hydrocarbon chains of the 
two dissimilar olefins of formula (IV) is from 12 to 40. 
2 is an integer from 1 to 10, and 

X, X' and X" are atoms or groups each independently selected from hydrogen, halogen, 
methyl, acetyl, -CHO and -OR12, wherein Rt2 is selected from hydrogen and an alcohol 
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protecting group selected from the group consisting of tetrahydropyranyl. tetraliydrofuranyl. 
tert-butyl. trityl. ethoxyetliyl and SIR13R14R15 wherein R13. R14 and R15 are each 
independentiy selected from alkyl groups and aryl groups. 

5 56. A method according to claim 55, wherein said unsaturated biologically active compound is 
a pheromone or pheromone precursor, an insecticide or a insecticide precursor, a 
pharmaceutical compound or a pharmaceutical intermediate, a fragrance or a fragrance 
precursor. 



10 57. A method according to claim 55 or claim 56, wherein the said unsaturated biologically 
active compound is selected from the group consisting of 7,11 -hexadecadienyl acetates, 1- 
chloro-5-decene, trans,trans-8,10-dodeca-dienol, 3,8,10-dodecatrienoI, 5-decenyl acetate, 
.11-tetradecenylacetate and 1,5,9-tetradecatriene. 

15 58. A method according to claim 46, wherein said first olefinic compound includes both a 

carbon-carbon double bond and a carbon-carbon triple bond. 



59. A method according to claim 58, wherein said metathesis reaction converts said first 
olefinic compound into a vinyl cycloalcane. 

20 

60. A method according to any of claims 46 to 59, wherein the said metiiod Is perfbrnied 
without a solvent 



61. A metiiod according to any of claims 46 to 59, wherein the said method is performed in a 
25 solvent selected from tiie group consisting of protic solvents, polar aprotic solvents and 

non-polar solvents. 

62. A mettiod according to any of claims 46 to 61. comprising further contacting the said first 
olefin with an organic or inorganic add or a Lewis acid preferably based on aluminium, 

30 titanium or boron. 

63. Use of a five-coordinate metal complex according to any of claims 1 to 18 and 27 to 34 or a 
supported catalyst according to daim 42 or claim 43 for controlling the initiation of the ring 
opening metathesis polymerisation of a cydic olefin. 

35 

64. Use according to daim 63, wherein controlling the polymerisation initiation is effected by: 

(a) first contacting said complex or supported catalyst with said cydic mono-oiefin in a 
reactor at a first temperature at which said complex or supported catalyst is 
substantially inactive, and 
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(b) in a second step bringing the tennperature of the reactor up to a second 
temperature at which said complex or supported catalyst is acfive. 

65. Use according to claim 44, wherein said reaction is the addition reaction of a 
5 polyhalogenated alcane onto an olefin. 

66. Use of a compound selected from : 

- a five-coordinate metal complex according to any of claims 1 to 18 and 27 to 34 or a 
supported catalyst according to claim 42 or claim 43, or 
10 - a five-coordinate metal complex having one of the general fomiulae (I C) and (I D) referred 
to in figure 4. or a cationic species thereof, optionally in combination with a supporting 

amount of a canier, wherein: 

- M, Z, R', R", R"', R"", R2, R3, R4 and y are as defined in claim 27, and 

- R16 is a neutral electron donor, 

15 as a catalyst component of a catalytic system for the atom or group transfer radical 

polymerization of one or more radically {co)polymeri2abie monomers. 

67. Use according to claim 66, wherein Rib is a phosphine of the fonnula PRirRieRw wherein 
Ri7, R18 and R19 are each Independently selected from the group consisting of C1.20 alkyl, 

20 C3.10 cydoalkyi, heteroaryl and aryl. 

68. Use according to daim 66 or claim 67. in combination with an initiator having a radically 
transferable atom or group. 

25 69. Use accondlng to-any of daims 66 to 68, in combination with a sur^ctant 

70. Use according to dalm 44, wherein said reaction is the addition polymerisation of one or 
more a-olefins having from 2 to 12 carbon atoms, optionally in combination with one or 
more dienes having from 4 to 20 carbon atoms, 

30 

71 . Use according to claim 70, wherein the catalyticaily active five-coondrnate metal complex is 
a complex according to claim 27 and having the general formula (IB). 

72. A catalytic system for the addition polymerisafion of one or more a-olefins having from 2 to 
35 12 carbon atoms, optionally in combination with one or more dienes having from 4 to 20 

carbon atoms, comprising: 

(A) a complex according to dalm 27 and having the general fomnula (IB), 

(B) a compound having the ability to react with compound (A) to convert the Imine moiety 
thereof into a metal amine structure, and 



